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RESEARCH  SUMMARY 

This  report  outlines  the  kind  of  information  required  to  evaluate  the  soils,  overburden, 
and  hydrology  so  that  appropriate  land  management  decisions  can  be  made  regarding 
the  selection  of  mineral  lease  sites,  the  development  of  lease  stipulations,  and  the 
formulation  of  mining  and  reclamation  plans.  In  addition,  cost  effective  procedures  are 
presented  for  data  acquisition  and  analysis  associated  with  soils,  overburden,  and  hy- 
drologic  studies. 
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RATIONALE  AND  PROBLEM 
IDENTIFICATION 


Thorough  analysis  and  planning  for  reclama- 
tion of  lands  disturbed  by  surface  mining  and 
for  the  control  and  mitigation  of  potential  water 
quality  degradation  can  preserve  the  long-term 
productivity  of  the  land  and  the  integrity  of  the 
water  resources  without  undue  hindrance  to 
the  development  of  mineral  resources.  This  goal 
can  be  achieved  through  evaluation  of  the  char- 
acteristics and  interrelationships  of  soils,  over- 
burden, surface  water,  and  ground  water;  thereby 
permitting  rational  assessment  of  alternatives  for 
exploration,  mining,  and  reclamation  activities. 

This  project  was  a  part  of  the  17-agency 
Federal  Energy/Environment  Research  and  De- 
velopment Program.  It  was  partially  funded  by 
the  Surface  Environment  and  Mining  Program 
(SEAM)  of  the  USDA  Forest  Service  and  by  the 
U.S.  Environmental  Protection  Agency  to  de- 
velop recommendations  and  criteria  for  the 
study  of  soils,  overburden,  and  hydrology  at  sur- 
face mining  sites.  Two  basic  goals  were  estab- 
lished for  the  project: 

1.  Determine  the  kinds  of  information  re- 
quired to  evaluate  the  soils,  overburden,  and  hy- 
drology so  that  appropriate  land  management 
decisions  can  be  made  relative  to  the  selection  of 
lease  sites,  development  of  lease  stipulations, 
and  formulation  of  miningand  reclamation  plans. 

2.  Recommend  cost  effective  procedures 
for  data  acquisition  and  analysis  associated  with 
soils,  overburden,  and  hydrologic  studies. 

The  objectives  are  achieved  by  defining 
soils,  overburden,  and  hydrologic  information 
requirements  and  by  evaluating  and  prioritizing 


alternative  approaches  to  sampling  and  analysis 
where  possible.  The  purpose  is  to  assist  in  mak- 
ing leasing,  mining,  and  reclamation  decisions 
that  give  due  consideration  to  surface  stability, 
soil  and  overburden  fertility,  occurrence  and  dis- 
tribution of  toxic  materials,  surface  and  ground 
water  quality  and  quantity,  and  future  land  and 
water  uses.  The  information  requirements  and 
procedures  for  analysis  are  derived  with  the  rec- 
ognition that  the  chemical,  mineralogical,  and 
textural  characteristics  of  soils  and  overburden 
affect  fertility,  stability,  weathering  (weather- 
ability),  erosion,  water  quality,  runoff,  and  re- 
charge. Also,  the  data  needs  that  were  developed 
reflect  the  requirement  that  the  relationships 
among  topography,  geology,  climate,  vegetation, 
surface  water,  ground  water,  water  quality,  and 
water  use  must  be  adequately  understood. 

This  handbook  has  been  prepared  as  a  re- 
sult of  the  SEAM  study.  No  attempt  was  made 
to  identify  all  available  technology  and  informa- 
tion available  for  the  study  of  soils,  overburden, 
and  hydrology;  but  rather  to  recommend  proven 
methods  and  procedures  that  are  known  to  give 
good  results.  References  are  cited  so  that  the 
reader  can  obtain  more  detailed  information 
when  desired. 

The  Final  Report  of  the  SEAM  Thunder 
Basin  Project  summarizes  an  evaluation  of  site- 
specific  data  on  a  study  site  in  Campbell  County, 
Wyoming.  This  report  includes  an  evaluation  of 
data  on  geology,  mineralogy,  texture  and  geo- 
chemistry of  overburden,  discussion  of  plant 
growth  studies,  and  surface  and  ground  water 
hydrology. 
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DATA  REQUIREMENTS  AND 
COLLECTION  PROCEDURES 


Sources  of  Existing  Data 

GENERAL  SOURCES  OF  DATA 

From  a  mining  company  standpoint,  the  in- 
formation required  for  a  literature  review  must 
include  knowledge  of  the  various  disciplines 
which  influence  property  evaluation.  For  an 
initial  literature  review  the  available  data  in  the 
following  areas  should  be  examined:  (a)  geology, 
(b)  hydrology,  (c)  soil  science,  (d)  environmental 
science,  (e)  legal,  and  (f)  mining.  Such  data  can 
be  extracted  from  a  number  of  sources  including 
government  agencies,  technical  journals  and 
books,  university  publications,  and  private 
sources.  Sources  of  information  in  the  areas,  ex- 
cluding legal  and  mining,  will  be  covered  in  de- 
tail below. 

Appendix  I  is  a  list  of  sources  for  geological, 
hydrological,  soils,  and  reclamation  data.  This 
list  is  modified  extensively  from  Peters  (1978). 
Most  of  the  sources  can  be  found  in  university 
libraries  and  all  of  the  geological  references  are 
available  in  the  United  States  Geological  Survey 
(USGS)  Library  in  Denver,  Colorado.  Perhaps 
the  best  general  source  for  geological  information 
is  the  book  by  Wood  (1973).  The  best  overall 
source  of  information  on  the  collection  of  sub- 
surface data  and  the  analysis  of  subsurface 
samples  is  LeRoy  and  others  (1977).  State  geo- 
logical surveys  and/or  bureaus  of  mines  should 
always  be  consulted  at  an  early  stage  for  geolog- 
ical information  on  a  particular  local  area.  A  list 
of  state  geological  surveys  in  the  Rocky  Mountain 
Region  is  included  as  appendix  II. 


UNPUBLISHED  DATA  SOURCES 

Most  Federal  and  State  bureaus  of  mines 
and  geological  surveys.  State  regulatory  agencies, 
industry  clearinghouses,  regional  research  organi- 
zations, and  private  consulting  firms  have  pre- 
liminary reports,  project  files,  and  raw  numerical 
data  on  file.  Open  file  reports  of  the  U.S.  Geo- 
logical Survey  and  the  U.S.  Departmentof  Energy 
are  available  for  public  inspection.  Copies  of 
these  reports  can  often  be  obtained  for  the  cost 
of  photocopying. 

Detailed  unpublished  material  on  conserva- 
tion and  management  practices  are  available  at 
local  Soil  Conservation  Service  offices.  Also  avail- 
able are  lists  of  important  and  prime  farmland 
that  may  occur  in  each  county  or  planning  unit. 

The  Forest  Service  and  Bureau  of  Land 
Management  have  management  plans  which  con- 
tain information  on  existing  resources  within 
certain  management  units  of  public  lands.  This 
information  is  available  for  public  inspection. 


COMPUTERIZED  DATA  BANKS 

As  the  wealth  of  knowledge  in  various 
scientific  disciplines  becomes  greater,  there  is  an 
ever-increasing  need  for  computerized  data  banks 
to  handle  storage  and  retrieval  of  this  informa- 
tion. Some  of  the  more  important  geological 
data  banks  are  given  below: 

RASS,  Rock  Analysis  Storage  System. 
Used  within  the  U.S.  Geological  Sur- 
vey. Files  not  available  to  the  public, 
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but  some  data  are  released  on  magnetic 
tape.  Washington,  D.C. 
SSI E,  Smithsonian  Science  Information  Ex- 
change. Information  on  research  in 
progress.  Washington,  Smithsonian  In- 
stitution. 

CRIB,  Computerized  Resources  Informa- 
tion Bank.  Used  within  the  U.S.  Geo- 
logical Survey,  Washington,  D.C. 

DATRIX,  Direct  Access  to  Reference  In- 
formation, Theses  and  Dissertations. 
University  of  Michigan,  Ann  Arbor, 
Michigan. 

Geo-Archives.  London,  Geosystems  (Lea 
Associates  Ltd.). 

GEODAT,  numerical  results  produced  by 
laboratories  in  the  Geological  Survey 
of  Canada.  Chemical,  spectrographic, 
and  age  data.  Available  to  users  in  the 
private  sector.  Geological  Survey  of 
Canada,  Ottawa. 

Geo  Ref,  a  geoscience-oriented  service  pro- 
vided by  the  American  Geological  In- 
stitute and  the  Geological  Society  of 
America;  files  date  from  1 966. 

GRASP,  Geological  Retrieval  and  Synopsis 
Program.  Used  within  the  U.S.  Geo- 
logical Survey,  Washington,  D.C. 

SOURCES  OF  MAPS  AND  AERIAL 
PHOTOGRAPHS 

Topographic  Maps 

About  90  percent  of  the  United  States  is 
covered  by  1:62,500  (15-minute  quadrangle)  to 
1:24,000  (7-y2-minute  quadrangle)  topographic 
mapping.  Indexes  to  topographic  mapping  in 
each  state  are  published  quarterly  by  the  U.S. 
Geological  Survey.  These  and  the  topographic 
maps  are  obtainable  by  mail  from  the  U.S.  Geo- 
logical Survey  offices  in  Denver,  Colorado,  for 
the  Western  States.  Copies  of  U.S.  Geological 
Survey  topographic  maps  and  advance  prints  of 
preliminary  quadrangle  maps  are  also  available 
(although  not  by  mail)  from  district  U.S.  Geo- 
logical Survey  offices  and  from  State  geological 
surveys  and  bureaus  of  mines  at  the  addresses 
shown  by  Wood  (1973),  and  Ward  and  Wheeler 
(1972). 


Geology,  Geophysics,  and  Soil  Maps 

Government  geologic  mapping  in  the 
United  States  covers  most  of  the  country  at  a 
scale  of  1:500,000  (state  maps),  about  40  per- 
cent of  the  country  at  a  scale  1:250,000,  and 
about  25  percent  of  the  country  at  1 :62,500  to 
1:24,000.  Unlike  topographic  mapping,  some  of 
the  geologic  mapping  has  been  done  by  the  State 
geologic  surveys.  In  addition,  some  areas  have 
been  mapped  for  universities  by  candidates  for 
advanced  degrees.  Even  though  the  maps  are 
scattered  through  Federal,  State,  and  scientific 
association  publications,  most  states  have  an  up- 
dated index  to  geologic  mapping  compiled  by 
the  U.S.  Geological  Survey  or  by  the  State  bureau 
of  mines.  Special  map  series  produced  by  the 
USGS  include: 

Coal  Investigation  Maps. 

Geologic  Quadrangle  Maps.  This  series  is  a 
continuation  of  the  Geologic  Folios 
published  between  1894  and  1946. 

Geophysical  Investigations  Maps.  This  series 
includes  aeromagnetic  and  radio- 
graphic maps  at  1 :62,500and  1 :24,000 
scale. 

Hydrologic  Investigations  Maps. 

Mineral  Investigations  Field  Studies  Maps. 
This  series  includes  preliminary  tec- 
tonic, metallogenic,  mineral  deposits, 
and  geological  maps. 

Mineral  Investigations  Resource  Maps.  These 
are  mineral  deposit  maps. 

Miscellaneous  Geological  Investigation 

Maps.  This  series  includes  photogeo- 
logic  maps,  and  paleotectonic  maps. 

Oil  and  Gas  Investigations  Maps. 

Detailed  soil  inventories  conducted  by  the 
Soil  Conservation  Service,  Bureau  of  Land  Man- 
agement, and  the  Forest  Service  are  available  for 
certain  areas  throughout  the  Western  United 
States.  Information  is  available  at  these  agencies' 
State  or  regional  offices.  State  general  soil  maps 
with  scales  of  about  1 :500,000  and  county  gen- 
eral soil  maps  and  prime  farmland  maps  with 
scales  of  1:100,000  to  1:250,000  are,  or  will  be 
available  from  the  Soil  Conservation  Service  in 
each  Western  State. 
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Aerial  Photographs  and 
Spacecraft  Imagery 

Aerial  photography  coverage  in  the  United 
States  is  shown  on  the  U.S.  Geological  Survey 
quarterly  indexes  to  topographic  mapping  for 
each  state.  Smaller  scale  indices  to  aerial  photog- 
raphy coverage  of  the  entire  country  are  also 
published  from  time  to  time.  Indices  and  advice 
on  coverage  by  government  agencies  for  specific 
areas  can  be  obtained  from  the  National  Carto- 
graphic Information  Center,  U.S.  Geological  Sur- 
vey, National  Center  (STOP  507),  Reston,  Vir- 
ginia 22092. 

The  U.S.  Geological  Survey  EROS  Data 
Center,  Sioux  Falls,  South  Dakota  57198,  is  the 
source  for  copies  of  geological  survey  aerial 
photographs,  NASA  photography  and  imagery, 
LANDSAT  Imagery,  and  Skylab  photography 
and  imagery.  (The  abbreviations  here  are: 
EROS  =  Earth  Resources  Observation  Systems; 
NASA  =  National  Aeronautics  and  Space  Ad- 
ministration; and  LANDSAT  =  the  former  ERTS, 
Earth  Resources  Technology  Satellite.)  Satellite 
imagery  is  available  on  magnetic  tape  and  in 
photographic  form.  Standard  catalogs  and  film 
strips  as  well  as  transparencies,  paper  prints,  en- 
largements, and  state  image  maps  are  available. 
A  geographic  search  and  inquiry  system  provides 
free  information  on  specific  photographic 
coverage.  EROS  application  assistance  facilities 
and  data  reference  files  are  located  at  more  than 
a  dozen  offices  throughout  the  United  States. 

LANDSAT  mapping  programs  have  been 
completed  for  several  states.  Included  among 
these  is  the  LANDSAT  mapping  program  for 
North  Dakota  completed  by  the  North  Dakota 
Regional  Environmental  Assessment  Program 
(NDREAP). 

Field  Surveys 

GEOLOGIC  OVERBURDEN 

The  primary  objectives  of  field  reconnais- 
sance are  to  verify  the  existing  data  and  to  seek 
out  new  field  data  that  might  have  been  over- 
looked by  previous  workers. 


The  verification  of  existing  data  is  accom- 
plished by  aerial  photographic  interpretation 
and  by  field  examination  of  outcrops,  roadcuts, 
active  and/or  abandoned  mine  workings,  and 
stored  cores  and  geophysical  logs.  Access  to 
mines  and  private  property  may  be  restricted. 
Considerable  advanced  planning  is  usually  re- 
quired to  obtain  access  to  these  properties.  No 
new  drilling  or  test  pit  work  is  undertaken  dur- 
ing these  surveys.  The  final  products  of  a  field 
survey  will  probably  constitute  detailed  geologic 
and  topographic  maps  of  the  proposed  mine  area 
at  an  appropriate  scale.  Other  information  plotted 
on  surface  maps  will  include  borehole  and  pit  lo- 
cations, access  routes,  and  surface  drainage. 

SOIL 

Definition  of  the  Soil 

Basic  to  determining  the  kind  and  intensity 
of  inventories  necessary  to  provide  information 
needed  by  planners  and  resource  managers  in- 
volved in  reclamation  planning,  is  a  definition  of 
the  resource  being  inventoried.  "Soil,"  as  con- 
ceived by  some,  consists  of  the  unconsolidated 
materials  found  near  the  earth's  surface.  The 
schematic  soil  profile  shown  in  fig.  1  reflects 
the  concept  of  soil  as  it  is  considered  in  this  re- 
port. This  diagram  illustrates  that  chemical,  bio- 
logical, and  physical  processes  give  rise  to  soil 
layers  that  are  significantly  different  in  terms  of 
their  chemical,  physical,  and  biological  prop- 
erties. These  differences  in  basic  properties  in 
turn  affect  other  characteristics  such  as  plant 
nutrient  status,  available  water  capacity,  erodi- 
bility,  infiltration,  and  permeability  properties 
which  are  very  important  in  assessing  the  oppor- 
tunities and/or  constraints  that  soils  offer  in  de- 
veloping management  alternatives  for  reclaiming 
a  tract  of  land  which  will  be  disturbed  by  mining 
activity. 

Using  this  concept  of  soils,  this  approach 
ensures  greater  reliability  for  separating  natural 
soil  bodies  into  groups  which  are  different,  and 
prevents  mixing  or  grouping  of  unlike  soils  and 
allows  for  maximum  utilization  of  existing  soil 
data.  Separation  into  genetic  horizons  is 
extremely  critical  in  sampling  for  laboratory 
analyses. 
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Purpose  of  Soil  Inventory 


The  purpose  of  a  soil  inventory  is  to  provide 
answers  to  the  following  questions: 

1.  What  land  capabilities  exist  at  the  pres- 
ent time?  Prime,  important,  and  unique  farm- 
lands need  to  be  identified  along  with  the  agri- 
cultural productivity  potential  of  the  area. 

2.  What  opportunities  and/or  constraints 
do  soils  offer,  based  on  availability  of  materials, 
for  developing  management  alternatives  for  re- 
claiming a  tract  of  land  to  be  disturbed  by  sur- 
face mining? 

In  order  to  answer  these  questions,  it  fol- 
lows that  the  soil  inventory  must  identify: 

1.  The  different  kinds  of  soils  that  occur, 
based  on  physical,  chemical,  and  depth  charac- 
teristics as  well  as  other  features  which  affect 
use  such  as  slope,  stoniness,  etc.,  and 

2.  The  area  extent  and  distribution  of  soils 
as  exhibited  on  a  soil  map. 

The  discussion  that  follows  provides  infor- 
mation that  can  be  used  for  determining  the 
kind  and  intensity  of  soil  inventory  that  would 
provide  land  managers,  planners,  and  mine  op- 
erators with  the  kind  of  soil  information  needed 
in  developing  a  reclamation  plan. 

Design  of  Soil  Inventory 

The  design  of  a  soil  inventory  program 
should  consider  the  following  factors: 

1.  Map  scale  and  survey  intensity, 

2.  Soil  description  procedures, 

3.  Soil  mapping  unit  description  proce- 
dures, 

4.  Soil  classification  and  correlation, 

5.  Sampling. 

Map  Scale  and  Intensity 

Information  shown  in  table  1  summarizes 
the  relationships  between  soil  inventory  intensity 
and  level  of  detail  at  which  "map  unit  delinea- 


tions" are  recognized  and  soils  are  classified.  The 
information  shown  is  a  general  guideline  used  by 
the  Soil  Conservation  Service  in  planning  for  soil 
inventory  intensity.  Information  shown  in  table 
2  shows  similar  guidelines  as  developed  and  used 
by  the  U.S.  Bureau  of  Reclamation  for  making 
irrigation  suitability  inventories.  Perhaps  the 
most  important  factors  as  shown  in  the  two 
tables  are  the  "size  of  area"  that  is  delineated  on 
a  map  as  a  function  of  scale  and  the  level  of  ab- 
straction at  which  soils  and/or  land  information 
is  defined.  Except  for  using  the  equivalent  of  an 
Order  3  (table  1)  type  inventory  for  general 
planning,  it  appears  that  an  inventory  equivalent 
to  Order  1  or  2  is  necessary  if  all  soil  data  needed 
in  developing  mined  land  reclamation  planning  is 
to  be  identified.  The  planner  or  land  manager 
must  decide  on  the  intensity  of  the  inventory 
needed  based  on  the  desired  level  of  planning, 
i.e.,  the  level  of  detail  needed  for  a  "prospecting 
phase"  vs  "reclamation  phase." 

Soil  Description  Procedures 

Purpose.  Soil  profile  descriptions  are  useful 
for  identifying  changes  with  depth  in  terms  of 
soil  texture,  structure,  presence,  or  absence  of 
calcium  carbonate,  color,  and  thickness  of  indi- 
vidual soil  layers  or  horizons.  These  characteris- 
tics are  important  for  determining  sampling 
needs  as  well  as  for  planning  a  "topsoil  stockpil- 
ing program."  The  form  shown  in  table  3  could 
be  used  in  describing  soil  profiles.  The  form  al- 
lows for  collecting  site  related  information  in  ad- 
dition to  soil  characteristics.  The  purpose  of  this 
is  to  allow  for  coordination  of  soil  data  with 
other  resource  data  collected.  This  maximizes 
the  credibility  of  interpretations  that  are  made 
from  the  data.  Procedures  for  describing  soil 
profiles  can  be  found  in  "Soil  Taxonomy"  (Soil 
Survey  Staff  1975)  and  "Soil  Survey  Manual" 
(Soil  Survey  Staff  1951). 

Using  the  above  approach  provides  a  basis 
for  identifying  the  different  kinds  of  soils  found 
on  a  tract  of  land,  aids  in  separating  soil  horizons 
for  the  purpose  of  stockpiling  for  future  reclama- 
tion and  samplingfor  laboratory  analysesand  pro- 
vides basic  data  needed  for  classifying  the  soils. 
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A  Horizon 
B  Horizon 


C  Horizon 


Soil  Solum 


Upper  part  of  C  Horizon 
may  be  different  from 
lower  part  as  a  result 
of  soil  forming 
processes . 


Geologic  overburden 
will  vary  according 
to  conditions  under 
which  materials  were 
deposited. 


Although  all  materials 
overlying  coal  or 
extractable  mineral 
seam  can  be  considered 
as  overburden,  it  is 
important  to  remember 
that  the  soil  solum  as 
shown  and  the  C  horizon 
to  some  extent  have  been 
modified  significantly 
by  chemical ,  physical , 
biological  and  trans- 
location processes 
which  in  turn  has  re- 
sulted in  layers  near 
the  surface  which  are 
significantly  different 
in  terms  of  organic 
matter,  plant  nutrients, 
salinity,  color,  and 
textural  properties. 


Figure  1.  Schematic  illustration  of  the  relationship  between  soil  and  geologic  overburden. 
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Table  1.  - 


Relationships  of  soil  inventory  intensity  and  level  of  intensity  at  which  map 
unit  delineations  are  recognized  and  soils  are  classified 


Order  Order  Order  Order  Order 

1  2  3  4  5 


Taxonomic 
classification 


series 


series 


families  and 
series 


families  and 
subgroups 


subgroups,  great 
groups,  suborders, 
and  orders 


Map  unit 


phases  of  soil 
series 


phases  of  soil 
series 


phases  of  soil 
series  and  soil 
families 


associations  w  ith 
some  consociations 


associations 


Map  scale 
needed 

Smallest 
unit  mapped 

Percent  dissimilar 
inclusions 

Accepted  uses 


Field 
methods 


1:T2,000  and 
larger 

less  than  1 .5 
acres 

less  than  10 
percent 

experimental  plots 
and  indi\ idual 
home  sites  ...  the 
nearest  sur\e\' 
intensity  to  being 
site  specific 


Identification  of 
soils  of  each  delin- 
eation b\  direct  ex- 
amination of  all 
boundaries  through- 
out their  lengths. 
Sampling  plan  of 
grid  applied  at  ran- 
dom, in  addition  to 
soil  examinations  at 
places  dictated  bv 
surface  features 
that  may  mark 
soil  differences. 
Laborator\'  deter- 
minations on 
samples  collected  at 
selected  places  to 
verifv  or  augment 
field  obsen. ations. 


1:12.000  to 
1:31,680 

1.5-10  acres 


less  than  20 
percent 

planning  of  moder- 
ately intensi\el\' 
used  management 
units,  based  on 
predictions  of  the 
suitabilities  and 
soils  response  to 
management 


Identification  of 
soils  b\'  transecting 
and  transversing.  Soil 
boundaries  are 
plotted  by  obsen. a- 
tion  and  interpreta- 
tion of  remoteK 
sensed  data. 
Boundaries  are 
verified  at  closely 
spaced  intea-als. 


1:24,000  to 
1:250,000 

6-640  acres 


less  than  30 
percent 

planning  for  exten- 
sive uses  of  land 
such  as  rangeland, 
watershed  manage- 
ment, woodland, 
and  extensive  kinds 
of  cropland. ..count\', 
multicountw  or 
watershed  planning 


Soils  in  each  delinea- 
tion are  identified 
b\  transecting  and 
transversing  and 
some  observation. 
Boundaries  are 
plotted  bv  observa- 
tion and  interpreta- 
tion bv  remotelv 
sensed  data  and 
verified  with  some 
observations. 


1:100,000  to 
1:300,000 

100-1,000  acres 


not  set  in 
advance 

regional  planning 
within  multicountv 
or  multistate  areas 
or  larger  watersheds 
...  used  to  locate 
areas  having  poten- 
tial for  2nd  order 
survey  and  for  site 
management 
planning 

The  soils  of  delinea- 
tion representative 
of  each  map  unit  are 
identified  and  their 
patterns  and  com- 
position determined 
by  transecting.  Sub- 
sequent delineations 
are  mapped  bytrans- 
versing,  by  some 
obser\'ation,  and  bv 
interpretation  of  re- 
motely sensed  data 
verified  by  occa- 
sional observations. 
Boundaries  are 
plotted  by  air  photo 
interpretations. 


1:250,000  to 
1:1,000,000 

640-10,000  acres 


not  set  in 
advance 

used  for  broadest 
kinds  of  planningfor 
states  or  nations  ... 
accurate  identifica- 
tion of  most  impor- 
tant soils  and  reason- 
able estimates  of 
their  extent 


The  soils,  their 
patterns,  and  their 
composition  for 
each  map  unit  are 
identified  through 
mapping  selected 
areas  H  5  to  25  mi^) 
w ith  1  St  or  2nd 
order  surveys,  or  al- 
ternatively, by  tran- 
secting. Subsequent- 
ly, mapping  is  by 
widely  spaced  ob- 
servations, or  by 
interpretation  of 
remotely  sensed 
data  with  occasional 
verification  by 
observation  or 
transversing. 
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Table  2.  —  Some  minimum  map  scale  and  observation  requirements  for  land  classifica- 
tion as  used  by  the  U.S.  Bureau  of  Reclamation  in  determining  irrigated 
land  suitability 


Specification 

Reconnaissance 
map 

Semi-detailed 
map 

Detailed  map 

Scale  of  base  maps 

1:24,000 

1:12,000 

1:4,800 

Lano  Classes  recognizea 

Maximum  distances  between 
iraverses  imiiesj 

1.00 

0.50 

0.25 

Accuracy  (percent) 

75 

90 

97 

Field  progress  per  day  for 
one  land  classifier  and 
crew  (square  miles) 

3.00-5.00 

1.00-3.00 

0.25-1.00 

Minimum  soil  borings  or  pits 
per  square  mile  (5  ft  deep) 

1 

4 

16 

Minimum  number  of  deep  sub- 
strata holes  per  township 
(1  0  ft  deep  or  more) 

1 

2 

4 

Source:  U.S.  Bureau  of  Reclamation,  1953. 


Detailed  land  classification  (Bureau  of  Reclamation,  1953)  is  generally  done  at  a  map 
scale  of  1 :4,800  (400  feet  to  the  inch)  to  provide  adequate  information  as  to  the  extent 
and  character  of  the  various  lands  in  each  40-acre  tract.  A  smaller  scale,  not  less  than 
1 :1 2,000,  may  be  used  on  fully  developed  areas  or  on  highly  uniform  new  land  areas 
where  no  specific  problems  are  associated  with  soils,  topography,  or  drainage  and  none 
are  anticipated.  Base  maps  atscales  of  1 :24,000  are  considered  onlyfor  reconnaissance 
studies  by  the  Bureau,  and  are  used  for  preliminary  elevations  and  for  drainage  basin 
studies  (e.g.,  runoff,  conservation)  of  areas  not  to  be  irrigated,  but  within  the  general 
project  area.  Results  of  soil  profile  examinations  and  laboratory  analyses  are  also  put  on 
the  map  where  appropriate.  Field  surveys  are  generally  supplemented  with  extensive 
laboratory  analyses,  greenhouse  studies,  and  field  experimental  plot  data  to  obtain  as 
much  information  as  is  needed  before  the  irrigation  project  is  implemented.  Reports 
summarizing  the  data  accompany  the  maps  at  the  various  scales.  Although  the  Bureau  of 
Reclamation's  irrigation  suitability  clasification  sets  up  specific  limits  for  classes  and 
subclasses,  the  specifications  are  not  absolutely  rigid,  and  can  be  modified  from  one 
project  area  to  another  (Olsen  1974). 
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Soil  Mapping  Unit  Description 

Purpose.  A  soil  mapping  unit  describes  the 
three-dimensional  properties  of  the  soil  or  soils 
that  make  up  a  soil  mapping  chart,  soil  topog- 
raphy relationships,  and  other  soil  related  fea- 
tures that  occur  on  the  landscape.  The  mapping 
unit  becomes  the  basic  unit  from  which  manage- 
ment plans  are  developed,  thus  it  needs  to  be  ac- 
curately defined.  Factors  that  should  be  included 
within  the  description  include: 

1.  Soil  composition,  i.e.,  homogeneity  of 

unit; 

2.  Degree  and  configuration  of  slope  on 
which  unit  occurs; 

3.  Existing  or  potential  erosion  characteris- 
tics; 

4.  Brief  description  of  the  physical  charac- 
teristics of  the  soils;  such  as,  texture,  structure, 
drainage,  depth,  permeability,  infiltration,  and 
any  chemical  characteristics; 

5.  Identity  of  native  vegetation  or  type  of 
crop; and 

6.  Identity  of  water  table  relationships  if 
present. 

Following  are  definitions  of  types  of  soil 
mapping  units  as  developed  by  the  Soil  Conser- 
vation Service,  USDA  (Soil  Survey  Staff  1975). 

Consociations.  —  These  are  mapping  units 
in  which  only  one  kind  of  soil  dominates  each 
delineation  to  the  extent  that  three-fourths  or 
more  of  the  soils  fit  within  the  criteria  defined 
for  the  soil  that  provides  the  name  for  the  map- 
ping unit.  No  one  contrasting  inclusion  may  con- 
stitute more  than  10  percent  of  the  unit  and  the 
aggregate  of  all  contrasting  inclusions  may  not 
exceed  15  percent. 

Complexes.  —  These  are  sets  of  delineated 
soil  areas  with  two  or  more  important  compo- 
nents in  such  an  intricate  geographical  pattern 
that  they  cannot  be  mapped  separately  at  a  scale 
of  1:20,000.  The  component  kinds  of  soil  that 
provide  the  name  for  the  mapping  unit  have  suf- 
ficiently different  use  or  management  require- 
ments for  the  purposes  of  the  survey  that  the 
unit  cannot  be  named  as  a  consociation.  Interpre- 
tations may  be  made  for  the  complex  as  a  whole, 
determined  by  the  overriding  limitation  of  any 


one  or  a  combination  of  components  and  the 
pattern  of  components.  No  single  inclusion  that 
is  dissimilar  to  any  one  of  the  soils  providing  the 
name  for  the  mapping  unit  may  exceed  10  per- 
cent of  the  whole  and  the  aggregate  of  these  not 
more  than  25  percent. 

Associations.  —  These  are  sets  of  delineated 
areas  in  which  two  or  more  important  kinds  of 
soil  or  soils  and  kinds  of  miscellaneous  areas  are 
found  in  some  regular  pattern  and  are  individually 
large  enough  to  be  mapped  separately  at  a  scale 
of  about  1:20,000.  Each  delineated  body  of  a 
soil  association  has  the  same  major  components, 
and  potentials  for  use  and  management  of  the 
individual  areas  are  about  the  same.  As  the  in- 
tensity of  the  survey  decreases,  however,  i.e.. 
Order  4  vs  Order  3,  the  relative  proportions  and 
distribution  of  soil  components  may  vary  con- 
siderably both  within  the  same  occurrence  and 
among  occurrences  of  the  same  association.  This 
is  particularly  true  for  older  surveys.  Thus,  the 
potentials  for  use  and  management  of  the  units 
may  vary. 

Undifferentiated  groups.  —  These  are  delin- 
eated areas  in  which  two  or  more  similar  soils 
are  combined  because  some  phase  criteria  deter- 
mines use  and  management  interpretations  for 
the  purpose  of  the  survey.  The  major  compo- 
nents are  large  enough  to  be  separated  at  the 
scale  of  mapping  and  have  no  regular  pattern. 
Every  delineation  has  at  least  one  of  the  major 
components  and  may  have  all.  Each  of  the  com- 
ponents need  not  occur  in  every  delineation, 
however. 

In  summary,  the  purity  and  homogeneity 
of  mapping  units  is  a  function  of  the  level  of  in- 
tensity or  detail  of  a  soil  inventory.  Land  man- 
agers and  planners  need  to  be  aware  of  this  fact 
when  using  and  planning  for  soil  inventories. 
This  is  a  very  important  item,  because  the  infor- 
mation contained  within  a  mapping  unit  descrip- 
tion is  the  basis  for  making  decisions  on  land 
management  units. 

Soil  Classification  and  Correlation 

There  has  been  in  the  past  and  continues  to 
be  disagreement  relative  to  classifying  soils  by 
various  classification  schemes.  Most  notably, 
questions  are  raised  regarding  the  taxonomic 
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Table  3.  —  Sample  form  for  soil  profile  and  related  information 

Soil  Type  or  Designation: 


File  No. 


Date 

Stop  No. 

Classification 

Location 

Climate 

Parent  material 


Physiography 


Drainage 

Salt  or  alkali 

Elevation 

Gr.  water 

Stoniness 

Slope 

Moisture 

Aspect 

Root  distrib. 

Erosion:  Type 

Degree: 

Native  vegetation  (or  crop) 


Additional  notes 


Hori- 
zon 

Depth 

Color 

Tex- 
ture 

Struc- 
ture 

Consistence 

Reac- 
tion 

Bound- 
ary 

Percent 
Coarse 
Fragments 
>2  mm. 

Dry 

Moist 

Dry 

Moist 

Wet 

non-crushed 

crushed 
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classification  of  soils.  The  soil  survey  work  of 
the  Department  of  Agriculture  is  conducted  co- 
operatively with  State  agencies,  other  Federal 
agencies,  and  with  local  organizations  and 
groups.  These  joint  efforts  collectively  are  re- 
ferred to  as  the  National  Cooperative  Soil  Sur- 
vey. The  Soil  Conservation  Service  has  leadership 
responsibilities  for  the  Federal  part  of  these  soil 
surveys.  The  Soil  Taxonomy  Handbook  Survey 
(Soil  Survey  Staff  1 975)  is  the  basis  for  all  classi- 
fication in  the  National  Cooperative  Soil  Survey. 
Major  considerations  for  classifying  soils  taxo- 
nomically  and/or  by  interpretive  classifications 
can  be  described  as  follows: 

1.  in  order  to  utilize  existing  soil  charac- 
terization and  interpretive  data,  soils  must  be 
classified  according  to  systems  that  have  been 
used  in  assembling  and  storing  data  that  has 
been  collected  in  the  past.  If  existing  acceptable 
soil  taxonomic  and/or  interpretive  classification 
systems  are  utilized  then  it  is  possible  to  retrieve 
and  utilize  existing  information  in  making  inter- 
pretations. 

2.  Classification  and  correlation  of  soils  al- 
lows for  this  information  to  become  part  of  a 
soil  data  bank  that  can  provide  information  for 
future  utilization  by  others  in  other  geographic 
areas.  Through  time,  this  will  not  only  begin  to 
decrease  the  amount  of  effort  in  data  analysis, 
but  will  aid  in  improving  the  reliability  of  in- 
terpretations. Soil  classification,  by  either  taxo- 
nomic or  interpretive  classification  systems,  is 
the  key  mechanism  for  knowledge  assimilation 
and  transfer. 


Sampling 

Information  relative  to  considerations  that 
should  be  kept  in  mind  in  sampling  for  analysis 
and  classification  of  soil  resources  is  shown  in 
table  4. 


Using  Existing  Soil  and  for  Land  inventory  Data 

Soil  and  land  inventories  have  been  carried 
out  by  a  number  of  agencies  for  a  number  of 
years.  For  example,  soil  surveys  made  as  early  as 
the  1920's  are  available  for  some  parts  of  the 
Western  United  States. 


The  purpose  of  this  section  is  to  develop  an 
awareness  of  the  fact  that  past  and  existing  soil 
and  land  inventories  have  been  carried  out  at  dif- 
ferent scales  of  study  and/or  according  to  differ- 
ent concepts.  This  has  resulted  in  soil  and  land 
inventory  data  that  in  some  cases,  is  applicable 
to  making  interpretations  for  many  uses,  and  in 
other  cases  are  applicable  to  a  particular  use  of 
level  of  planning.  Add  to  this  the  fact  that  soil 
and  land  classification  procedures  and  concepts 
have  changed  through  time  even  within  an 
agency,  and  we  have  a  situation  where  it  is  crit- 
ical that  existing  inventory  data  needs  to  be 
carefully  evaluated  for  its  credibility  and  reliabil- 
ity. Therefore,  it  is  important  to  determine  the 
intended  purpose  and  concepts  of  the  Survey 
from  the  people  or  agency  that  conducts  it. 

if  this  is  not  done,  the  result  is  that  the 
user  may  ultimately  decide  that  the  inventory  is 
of  no  value,  when  in  fact  it  may  be  useful  if 
properly  interpreted  by  someone  familiar  with  it. 

SURFACE  HYDROLOGY 

Surface  water  hydrology  investigations  are 
undertaken  to  determine  the  location,  magni- 
tude, and  movement  of  surface  water  in  an  area 
so  that  a  water  balance  or  budget  can  be  devel- 
oped. The  water  budget  is  an  attempt  to  integrate 
the  components  of  the  hydrologic  system  (ground 
water,  surface  water,  atmosphere,  and  soiljlinto  a 
physical  model.  This  model  is  used  to  estimate 
the  system  response  to  land  surface  modification 
brought  about  by  surface  mining.  Other  objec- 
tives of  a  surface  water  investigation  are  to  de- 
termine the  surface  water  quality  and  quantity, 
its  social  and  economic  importance,  and  its  po- 
tential impact  on  the  resource  and  its  users. 

To  achieve  these  objectives  the  following 
information  is  needed: 

1.  Detailed  location  of  all  surface  water 
features, 

2.  Topographic  relief  of  the  area, 

3.  Aerial  distribution  of  soils  and  surficial 
geology, 

4.  Vegetation  cover  and  distribution, 

5.  Magnitude  and  frequency  of  precipita- 
tion events. 
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Table  4.  —  Summary  of  factors  important  for  consideration  in  soil  characterization 
and  sampling 


Determining  need:  Samples  for  laboratory  characterization  and  classification. 

Selecting  a  location:  Duplicate  and/or  paired  profiles  should  be  identified  for  each  of 

the  different  soils  which  occur  on  a  tract  of  land.  Sampling  paired 
profiles  minimizes  the  chance  of  error.  Sites  should  be  repre- 
sentative of  the  soil  in  question  and  located  within  a  mapping 
unit  representative  of  the  soil.  Site  should  also  reflect  dominant 
land  use. 

Sampling  procedures:         Bulk  samples  for  laboratory  analysis  and  classification  should  be 

taken  from  each  genetic  horizon.  (A,  B  &  C  horizons).  Estimates 
and/or  measurements  should  be  made  of  the  amount  (by 
volume)  of  coarse  fragments  present.  Material  sampled  for 
laboratory  characterization  should  include  mainly  the  fine  earth 
fraction  i.e.,  <2  mm.  Approximately  5  to  8  lbs.  of  material  is 
needed  for  laboratory  characterization.  Material  collected  for 
classification  and  correlation  purposes  should  include  natural 
aggregates  and  the  amount  necessary  is  normally  less  than  V2  lb. 
Clod  samples  can  be  taken  if  bulk  density  and/or  mineralogical 
analyses  are  to  be  performed. 

Samples  should  be  obtained  from  an  open  pit.  Depth  of 
sampling  should  be  to  60  inches  or  depth  of  bedrock  if  bedrock 
occurs  at  <60  inches.  Sampling  should  startwith  the  lowest  layer 
in  the  pit  and  proceed  upward. 

Samples  of  surface  soil  should  include  a  composite  of  a  number 
of  samples  taken  from  within  a  mapping  unit  as  well  as  from  the 
surface  material  sampled  from  pits.  This  will  provide  an  estimate 
of  the  mean  of  the  surface  soil  conditions  of  the  area.  A  rule  of 
thumb  is  that  one  composite  sample  should  not  represent  an 
area  more  than  40  to  80  acres  in  size.  An  average  of  10  to  15 
subsamples  per  40  acres  should  be  taken  depending  on  how 
variable  the  area  may  be. 

Special  If  NO3-N  is  to  be  determined,  samples  should  be  air  dried  as 

considerations:  soon  as  possible  after  sampling.  Otherwise,  the  NO3-N  deter- 

mination more  than  likely  will  not  reflect  existing  levels  in  the 
soil. 

Samples  taken  for  heavy  metals  or  micronutrient  analyses  should 
be  protected  from  contamination.  Rusty  tools,  galvanized  or 
brass  containers  should  not  be  used.  Brown  paper  sacks  should 
not  be  used  if  boron  is  to  be  determined.  Plastic  bags  are  most 
desirable  for  use. 

Samples  taken  for  classification  and  correlation  should  be  separ- 
ated at  time  of  sampling. 
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6.  Stream  flow, 

7.  Sediment  discharge. 

A  brief  discussion  of  each  of  these  data  needs 
follows. 

Location  of  Surface 
Water  Features 

Surface  water  features  include  all  wet  or 
dry  creeks,  gullies,  ditches,  rivers,  ponds,  lakes, 
etc.  These  features  should  be  plotted  on  I-V2 
minute  topographic  maps  (scale  1:24,000). 
From  these  plots,  determinations  of  the  surface 
water  flow  directions,  proximity  of  surface  water 
features  to  proposed  construction  sites  and  ap- 
purtenances, and  the  drainage  system  morphol- 
ogy can  be  made.  In  arid  and  semiarid  regions, 
surface  water  bodies  often  constitute  the  major 
source  of  subsurface  recharge.  Federal  regula- 
tions require  that  recharge  on  postmining  lands 
be  essentially  the  same  as  during  premining. 
Thus,  it  is  important  that  all  surface  water  fea- 
tures be  identified  and  their  relationship  to  sub- 
surface recharge  be  understood. 

The  drainage  system  morphology  can  pro- 
vide qualitative  insights  to  the  stratigraphy  and 
geologic  structure  of  the  area  as  well  as  channel 
response  to  various  precipitation  events  (Zernitz 
1932).  Schumm  (1977)  states  that  drainage  den- 
sity (the  sum  of  channel  lengths  per  unit  area)  is 
proportional  to  the  sediment  yield  and  mean  an- 
nual runoff.  In  other  words,  when  subjected  to 
an  equivalent  precipitation  event,  areas  of  dense 
channel  development  (common  in  arid  regions) 
will  have  higher  sediment  yields,  and  greater 
peak  discharge  rates  than  sparsely  channeled 
regions.  Drainage  density  can  also  be  related  to 
the  areal  infiltration  capacity  of  the  ground  sur- 
face. Low  infiltration  areas  tend  to  have  high 
drainage  densities  whereas  high  infiltration  ca- 
pacity soils  tend  to  have  lower  drainage  densities 
(Schumm  1977). 

Topographic  Relief  of  the  Study  Area 

USGS  1 -Vi  minute  topographic  quandrangle 
maps  are  the  best  source  of  relief  information. 
For  a  given  precipitation  event,  peak  runoff 
rates,  sediment  transport,  and  erosion  rates  are 


proportional  to  relief;  base  flow  rates,  and  rain- 
fall-runoff ratios  are  inversely  proportional  to 
relief. 

Areal  Distribution  of  Soils  and 
Surficial  Geology 

This  information  may  be  obtained  from 
geology  and  soils  maps  or  by  field  reconnaissance. 
The  following  qualitative  relationships  can  be 
evaluated  from  geology  and  soils  information: 

1.  Structural  control  of  the  drainage  sys- 
tem. 

2.  High  drainage  densities  are  associated 
with  easily  erodible  materials  (Schumm 
1977). 

3.  Low  drainage  densities  are  associated 
with  permeable  materials  (Schumm  1977). 

4.  High  erosion  rates  and  sediment  yields 
exist  in  areas  of  easily  erodible  materials. 

In  addition,  knowledge  of  the  distribution 
of  permeable  materials  may  aid  the  location  of 
potential  ground  water  recharge  areas. 

Vegetation  Cover  and  Distribution 

Vegetation  density  may  provide  insights  as 
to  the  climate  of  the  area,  that  is,  the  magnitude 
and  frequency  of  precipitation  events  and  drain- 
age system  response.  In  general,  sparsely  vege- 
tated areas  may  be  indicative  of  arid  climate 
conditions  with  high  peak  flow  rates  and  sedi- 
ment yields.  Densely  vegetated  areas  retard  run- 
off velocities  thus  reducing  sediment  yields  and 
peak  flow  rates  while  increasing  base  flow. 

Magnitude  and  Frequency  of 
Precipitation  Events 

Channel  morphology,  relief,  and  vegetation 
cover,  reflect  the  nature  of  precipitation  over  a 
given  area.  Arid  areas  exhibit  high  relief,  rugged 
topography,  and  sparse  vegetation  generally 
representative  of  infrequent,  torrential  precipita- 
tion events.  On  the  other  hand,  humid  areas 
tend  to  have  gentle  topography  and  dense  vege- 
tation representative  of  many  moderate  precipi- 
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tation  events.  In  general,  sediment  load  and  ero- 
sion rates  are  higher  in  arid  areas  than  in  humid 
areas.  Areas  of  infrequent,  intense  storms  may 
have  drastic  fluctuations  of  surface  water  qual- 
ity in  response  to  the  change  in  flow  rate.  Areas 
with  extreme  discharge  and  water  quality  fluctu- 
ations require  higher  monitoring  frequencies  in 
order  to  accurately  monitor  the  hydrologic  sys- 
tem. Obviously,  higher  sampling  frequencies  lead 
to  greater  monitoring  costs. 

Stream  Flow 

Stream  flow  can  be  determined  by  the  use 
of  chutes,  weirs,  flumes,  horizontal  pipes,  and 
velocity  measurements;  a  detailed  discussion  of 
these  methods  follows. 

Chutes.  —  A  chute  is  a  steep  channel  of 
such  high  gradient  that  uniform  flow  takes  place 
at  less  than  the  critical  depth  (Metcalf  and  Eddy, 
Inc.  1972).  Flow  in  chutes  is  determined  by 
Manning's  equation: 

V=  L^r2/3s1/2 
where: 

V  =  flow  velocity  (ft/sec) 

S  =  slope  of  water  surface  (ft/ft) 

n  =  Manning's  roughness  factor 

R  =  hydraulic  radius. 

Once  the  flow  velocity  is  determined,  discharge 
is  calculated  by  Q  -  VA  where  A  =  cross-sec- 
tional flow  area  (width  x  depth). 

Weirs.  —  Weirs  are  a  very  accurate  means  of 
flow  measurement.  This  discussion  deals  with 
three  common  weir  types;  rectangular,  triangular, 
and  trapezoidal.  The  following  conditions  must 
be  met  in  order  to  achieve  accurate  flow  meas- 
urements (Albertson  and  others  1960): 

1.  The  weir  plate  must  be  vertical  with  a 
smooth  upstream  face. 

2.  The  crest  must  be  horizontal  and  per- 
pendicular to  the  flow  direction. 

3.  The  crest  should  be  fairly  sharp  and 
free  of  dents  or  bends. 

4.  The  channel  should  be  straight  with 
uniform  cross-section  upstream  and  down- 
stream of  the  weir  location. 


5.  The  sides  of  the  channel  should  be 
smooth  and  vertical. 

Flow  over  a  rectangular  weir  can  be  deter- 
mined from  table  5  or  by  the  following  equation 
(Albertson  1960): 

Q  =  (3.22 0.4  h/p)  (L  -0.003) 

(h  +  0.003)^/2 

where: 

h  =  head  on  the  weir  (ft) 

L  =  length  of  the  weir  crest  (ft) 

p  =  height  of  the  weir  (ft) 

Q  =  discharge  (ft  /min). 

The  triangular  weir  is  useful  for  channels 
with  the  wide  variations  in  discharge.  Flow  over 
triangular  weirs  can  be  determined  from  table  6 
or  with  the  following  equation  (Albertson  and 
others  1960): 


Q  = 

2.5  h^/^  (for  right-angle  notch  only) 

where: 

h  = 

upstream  water  surface  height  above 

the  weir  crest  (ft) 

Q  = 

discharge  (ft^/min). 

Flow  over  a  trapezoidal  weir  is  given  by 

(Metcalf  and  Eddy,  Inc.  1972): 

Q  = 

2/3  V^L  H^/^-hS/IS 

where: 

g  = 

gravitational  acceleration  (32.2  ft/sec ■^) 

L  = 

length  of  weir  crest  (ft) 

H  = 

v2/2g+h 

V  = 

flow  velocity  over  weir  crest  (ft/sec) 

h  = 

upstream  water  surface  height  above 

weir  crest  (ft) 

Z  = 

slope  of  the  side  contractions. 

Flumes.  —  Flumes  are  advantageous  over 
weirs  and  chutes  because  they  yield  accurate 
flow  measurements  and  can  be  portable.  Al- 
though installation  is  simple,  the  following  con- 
ditions must  be  met  to  insure  accurate  measure- 
ments (Albertson  and  others  1960): 

a.  The  flume  must  be  set  at  the  proper 
elevation  in  the  channel  so  that  backwater  or 
drawdown  conditions  are  not  created. 
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Table  5.  - 


Discharge  from  rectangular  weir  with  end  contractions 


Figures  in  table  are  in  gallons  per  minute 


Head 

Length  (L)  of  weir  in  feet 

Head 

Length  (L)  of  weir  in  feet 

(H) 

Additional 

(H) 

Additional 

in 

1 

3 

5 

g.p.m.  for  each 

in 

3 

5 

g.p.m.  for  each 

inches 

ft  over  5  ft 

inches 

ft  over  5  ft 

1 

3  5.4 

1  07.5 

1  79.8 

36.05 

« 
0 

2338 

3956 

814 

1  /4 

49.5 

150.4 

250.4 

50.4 

0  /4 

2442 

4140 

850 

IV2 

64.9 

197 

329.5 

66.2 

8V2 

2540 

4312 

890 

13/4 

81 

248 

415 

83.5 

83/4 

2656 

4511 

929 

2 

98.5 

302 

506 

1  02 

Q 

2765 

4699 

970 

z.  m 

117 

361 

605 

122 

2876 

4899 

1011 

2V2 

136.2 

422 

706 

143 

91/2 

2985 

5098 

1051 

2% 

157 

485 

815 

165 

93/4 

3101 

5288 

1091 

177.8 

552 

926 

187 

3216 

5490 

1136 

J  /4 

199.8 

624 

1047 

211 

3480 

5940 

1230 

3V2 

222 

695 

1167 

236 

11 

3716 

6355 

1320 

3% 

245 

769 

1292 

261 

IIV2 

3960 

6780 

1410 

4 

269 

846 

1424 

288 

12 

4185 

7165 

1495 

41/4 

293.6 

925 

1559 

316 

121/2 

4430 

7595 

1575 

41/2 

318 

1006 

1696 

345 

13 

4660 

8010 

1660 

43/4 

344 

1091 

1835 

374 

131/2 

4950 

8510 

1780 

5 

370 

1175 

1985 

405 

14 

5215 

8980 

1885 

5V4 

395.5 

1262 

2130 

434 

14V2 

5475 

9440 

1985 

5V2 

421.6 

1352 

2282 

465 

15 

5740 

9920 

2090 

5% 

449 

1442 

2440 

495 

151/2 

6015 

10400 

2165 

6 

476.5 

1535 

2600 

528 

16 

6290 

10900 

2300 

6V4 

1632 

2760 

560 

I6V2 

6565 

11380 

2410 

6V2 

1742 

2920 

596 

17 

6925 

11970 

2520 

63/4 

1826 

3094 

630 

17V2 

7140 

12410 

2640 

7 

1928 

3260 

668 

18 

7410 

12900 

2745 

7V4 

2029 

3436 

701.5 

I8V2 

7695 

13410 

2855 

7V2 

2130 

3609 

736 

19 

7980 

13940 

2970 

73/4 

2238 

3785 

774 

19V2 

8280 

14460 

3090 

This  table  is  based  on  Francis  formula: 

Q  =  3.33  (L— 0.2H)  H^-^ 

which 

Q  =  cu.  ft  of  water  flowing  per  second. 

L  =  length  of  weir  opening  in  feet,  (should  be  4  to  8  times  H). 

H  =  head  on  weir  in  feet  (to  be  measured  at  least  6  ft  back  of  weir  opening. 

a  =  should  be  at  least  3  H. 
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Table  6.  —  Discharge  from  triangular  notch  weirs  with  end  contractions 


Head 

(H) 

in 
inches 

Flow  in  gallons 
per  minute 

Head 

(H) 

in 
inches 

Flow  in  gallons 
per  minute 

Head 
(H) 
in 
inches 

Flow  in  gallons 
per  minute 

Mrktr-k 
PNOlCn 

fcn° 
rNoicn 

Qn° 
PNOicn 

ou 

rNOlCn 

1 

2.19 

1.27 

6Y4 

260 

1  50 

15 

1912 

1104 

IV4 

3.83 

2.21 

7 

284 

1  64 

15V2 

2073 

1197 

IV2 

6.05 

3.49 

7V4 

310 

1  79 

16 

2246 

1  297 

1  74 

8.89 

5.13 

"71/ 

/  '72 

338 

195 

1  6  '/2 

2426 

1401 

2 

12.4 

7.16 

7574 

367 

212 

17 

2614 

1509 

16.7 

9.62 

8 

397 

229 

17V2 

2810 

1623 

21.7 

12.5 

8V4 

429 

248 

18 

3016 

1741 

2Va 

27.5 

15.9 

8V2 

462 

267 

I8V2 

3229 

1864 

3 

34.2 

19.7 

8  ¥4 

498 

287 

19 

3452 

1993 

3V4 

41.8 

24.1 

9 

533 

308 

19V2 

3684 

2127 

3V2 

50.3 

29.0 

9V4 

571 

330 

20 

3924 

2266 

3 '74 

59.7 

34.5 

9V2 

610 

352 

2OV2 

4174 

2410 

4 

70.2 

40.5 

9V4 

651 

376 

21 

4433 

2560 

4V4 

81.7 

47.2 

10 

694 

401 

21  V2 

4702 

2715 

4V2 

94.2 

54.4 

IOV2 

784 

452 

22 

4980 

2875 

4 '74 

108 

62.3 

11 

880 

508 

22V2 

5268 

3041 

5 

123 

70.8 

1 1  V2 

984 

568 

23 

4565 

3213 

5V4 

139 

80.0 

12 

1094 

632 

23V2 

5873 

3391 

5V2 

156 

89.9 

I2V2 

1212 

700 

24 

6190 

3574 

5^74 

174 

100 

13 

1337 

772 

24V2 

6518 

3763 

6 

193 

112 

13V2 

1469 

848 

25 

6855 

3953 

6V4 

214 

124 

14 

1609 

929 

6V2 

236 

136 

14V2 

1756 

1014 

Based  on  formula: 


Q  =  (O  (4/15)  (L)  (H)  V2^ 
in  which  Q  =  flow  of  water  in  cu.  ft.  per  sec. 

L  =  width  of  notch  in  ft,  at  H  distance  above  apex. 
H  =  head  of  water  above  apex  of  notch  in  ft. 

C  =  constant  varying  with  conditions,  .57  being  used  for  this  table, 
a  =  should  be  not  less  than  V4  L. 
For  90  not(  h  the  formula  becomes 

Q  =  2.4381  H^/^ 
For  60  note  h  the  formula  bee  omes 
1.4076  H^/^ 


Q  = 


-Courtesy  Ingersoll-Rand  Co. 
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PLAN 


ELEVATION 


Figure  2.  Parshall  flume. 


where: 

Q  =  discharge  rate 

V  =  flow  velocity 

A  =  flow  area  (width  x  depth). 

Various  velocity  measurement  techniques  are 
discussed  below: 

Current  meters.  —  The  Price  current  meter 
is  the  most  widely  used  velocity  meter  in  the 
United  States.  Mean  stream  velocities  are  deter- 
mined by  measuring  the  velocities  at  the  0.2  and 
0.8  flow  depths  and  then  averaging.  These  meters 
usually  yield  very  accurate  results,  however,  ex- 
cessive debris  of  fine  suspended  sediment  in  the 
stream  may  foul  the  meter. 


b.  The  flume  must  be  set  in  a  horizontal 
position. 

c.  The  flow  condition  (free  or  submerged) 
must  be  determined  in  order  to  calculate  dis- 
charge. 

The  following  equation  may  be  used  to  de- 
termine discharge  through  a  Parshall  flume  (see 
fig.  2). 

Q   =  4WhJ-522w0-026 
where: 

Q   =  discharge  (ft  /min) 

W   =  throat  width  (ft) 

=  head  for  free  flow  condition, 
Hb/H^  <  0.75  (ft) 

If  Hj^/H^  >  0.75  use  H^-H^^  in  place  of  H^.  In 

addition  to  the  above  formula,  discharge  can  be 
calculated  from  rating  tables  supplied  with  the 
flume. 

Horizontal  or  inclined  pipes.  —  This  method 
yields  approximate  discharge  rates  from  hori- 
zontal or  inclined  pipes  flowing  full  or  partially 
filled.  The  method  is  described  in  fig.  3. 

Stream  velocity  measurements.  —  Stream 
velocity  can  be  used  to  calculate  discharge  with 
the  following  relation: 

Q  =  VA 


Floats.  —  Floats  are  a  simple,  cheap  method 
of  determining  flow  velocity.  The  float  is  placed 
in  the  stream  and  its  travel  distance  vs  time  is 
measured  (velocity  =  distance/time).  Oranges 
and  grapefruit  are  ideal  floats  because  they  are 
highly  visible  and  float  just  at  the  water  surface 
so  wind  effects  are  minor.  This  method  can  be 
used  only  in  channels  with  uniform  flow  free  of 
obstruction  or  debris. 

Velocity  head.  —  Discharge  or  velocity 
measurements  are  often  times  difficult  in  small 
channels  with  shallow  flow.  In  these  situations 
the  velocity  head  method  provides  reasonable 
discharge  estimates.  To  determine  velocity,  a 
ruler  is  inserted  into  the  channel  such  that  it  is 
perpendicular  to  the  water  surface  with  the  broad 
side  normal  to  the  flow.  The  difference  in  water 
level  between  the  upstream  and  downstream 
face  of  the  ruler  is  inserted  into  the  following 
equation  to  determine  velocity: 


V  = 

V2gh 

where: 

V  = 

velocity  (ft/sec) 

g  = 

gravitational  acceleration  (32.2  ft/sec  ) 

h  = 

difference  in  water  surface  elevation 

between   upstream  and  downstream 

face  of  the  ruler  (ft) . 

With  practice,  this  method  can  yield  flow  esti- 
mates within  20  percent  of  the  actual  value,  but 
is  not  a  preferred  method. 
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(FULL  PIPES) 


A  fairly  oloso  determination  of 
tho  flow  from  full  open  pipes  may  b« 
made  by  moaauriivf;  the  diitajioe  the 
streajn  of  T»ator  travels  parallel  to 
tho  pipe  in  falling  12  ixiohoa  rertl- 
oally. 

Lleasare  the  inside  diameter  of 
the  pipe  aoourately  (in  inches)  and 
the  distance  (A)  the  stream  trareli 
In  inches  perallel  to  the  pipe  for  t 
12-inoh  vertical  drop,     (See  diagraat) 

The  flow,  in  gallons  per  minutt, 
equals  the  distcinoe  (A)  in  inches  iral* 
tiplied  by  a  constant  K  obtained  froo 
the  following  table i 


I.D, 

I.D. 

I.D. 

I.D. 

I.D. 

I.D. 

.  1 

Pipe 

K 

Pipe 

K 

Pipe 

K" 

Pipe 

K 

Pipe 

K 

Pipe 

2 

3.3 

4 

13.1 

6 

29,4 

8 

52.3 

10 

81.7 

12 

118. 

lA 

4.1 

1/4 

14.7 

1/4 

31.9 

1/4 

55.5 

1/4 

85.9 

1/2 

128. 

1/2 

5.1 

1/2 

16.5 

1/2 

34.5 

1/2 

59,0 

1/2 

90.1 

13 

138. 

3/4 

6.2 

3/4 

18.4 

3/4 

37.2 

3/4 

62.6 

3/4 

94.4 

1/2 

149. 

3 

7.3 

5 

20.4 

7 

40.0 

9 

66.2 

11 

98.9 

14 

160. 

lA 

8.6 

1/4 

22.5 

1/4 

42.9 

1/4 

69.9 

1/4 

103. 

1/2 

172. 

1/2 

10.0 

1/2 

24.7 

1/2 

45.9 

1/2 

73.7 

1/2 

108. 

15 

184. 

3/4 

11.5 

3/4 

27.0 

3/4 

49.0 

3/4 

77.7 

3/4 

113. 

16 

209. 

(PARTIALLY  FILLED  PIPES) 

For  partially  filled  pipes,  measure  the 
freeboard  (F)  and  the  inside  diameter  (D)  and 
calculate  the  ratio  of  F/D  (in  f>eroont).  lieaa- 
ure  the  atreoju  as  explained  above  for  full  pip«l 
and  calculate  tho  discharge.    The  actual  dis- 
charge will  be  approximately  the  value  for  a  full 
pipe  of  the  same  diameter  multiplied  by  the 
oorreotion  factor  from  the  following  table: 


f/d 

f/d 

f/d 

F/t) 

Percent 

Factor 

Percent 

Factor 

Percent 

Factor 

Percent 

Factor 

5 

0.981 

50 

©•747 

55 

0.436 

80 

0.142 

10 

.948 

35 

.688 

60 

.576 

85 

•  095 

15 

.905 

40 

.627 

65 

.512 

90 

.062 

20 

•  358 

45 

.564 

70 

•  253 

95 

.019 

25 

•  306 

50 

.500 

75 

•  195 

100 

.000 

Courtesy  U.  S.  Geological  Survey 


Figure  3.  Estimating  flow  from  horizontal  or  inclined  pipes. 
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Sediment  Discharge  Measurement 

Measurement  of  sediment  discharge  or  the 
sediment  load  of  a  stream  is  a  difficult  matter 
which  should  be  left  to  a  competent  hydrologist 
with  adequate  experience.  Briefly,  measurement 
is  accomplished  through  use  of  samples  which 
accumulate  sediment  over  a  measured  period  of 
time.  Laboratory  studies  reveal  that  at  least  ten 
sediment  samples  per  station  are  required  to 
achieve  ±1 0^  accuracy.  The  following  information 
is  required  to  calculate  sediment  transport  rates 
(Simons  and  Senturk  1  977): 

a.  Stream  discharge  rate. 

b.  Stream  velocity. 

c.  Cross-sectional  flow  area. 

d.  Stream  width. 

e.  Mean  sampling  depth  for  suspended 
sediment. 

f.  Suspended  sediment  concentration. 

g.  Size  distribution  of  channel  bed  mate- 
rial. 

h.  Water  temperature. 

The  following  conditions  must  be  met  in 
the  test  reach  (Simons  and  Senturk  1977): 

a.  The  reach  should  be  uniform  in  shape 
and  sediment  composition. 

b.  No  sharp  bends,  rills,  or  excessive  vege- 
tation in  the  test  reach. 

c.  No  significant  tributaries  or  diversions 
should  join  the  river  within  or  immediately 
above  the  test  reach. 

Drilling  and 
Sampling  Program 

DESIGNING  A  GEOLOGIC 
OVERBURDEN  AND  HYDROLOGIC 
SAMPLING  PROGRAM 

General 

The  goals  of  any  overburden  and  hydrologic 
sampling  program  are  to  obtain  data  for  evalu- 


ating the  physical  and  chemical  characteristics  of 
overburden  material,  ground  water  quality  and 
quantity,  and  reclamation  studies.  In  addition  to 
obtaining  information  on  these  areas  of  concern 
the  overburden  and  hydrologic  sampling  pro- 
gram will  also  provide  data  useful  in  evaluating 
geotechnical  and  mineral  resource  consideration. 
Geotechnical  considerations  involve  evaluation 
of  the  rock  characteristics  that  affect  mine  lay- 
out and  pit  design.  These  characteristics  include 
such  items  as  slope  stability,  floor  heave,  and  the 
distribution  and  density  of  joints,  faults,  etc. 
Central  to  the  goals  listed  above  is  the  conduct 
of  a  drilling  program  which  will  provide  samples 
and  information  on  the  overburden  and  ground 
water  hydrology.  Specifically, answers  to  the  fol- 
lowing questions  can  usually  be  obtained  from 
the  drilling  program  and  from  a  thorough  analysis 
of  the  core  and/or  cutting  samples: 

What  is  the  thickness,  depth,  and  quality  of 
the  host  rock  containing  the  mineral  resource  or 
the  coal  seam  to  be  mined? 

What  is  the  thickness  of  the  overburden 
above  the  mineral  resource  or  coal  seam,  and  the 
interburden  between  coal  seams? 

What  is  the  extent,  nature,  and  distribu- 
tion of  various  soils  within  the  exploration 
boundaries? 

What  are  the  rock  types  and  the  physical 
and  chemical  characteristics  of  the  overburden, 
interburden,  and  floor  material? 

What  are  the  stratigraphic  relations  (lateral 
continuity  or  variability)  of  the  various  rock 
units  that  constitute  the  overburden  material? 

What  structural  features  such  as  joints, 
faults,  and  discontinuities  are  present  that  might 
affect  subsequent  mining  operations? 

What  are  the  depths  of  weathering  and  me- 
chanical breakdown  for  specified  overburden 
units? 

What  are  the  characteristics  of  the  main 
water-bearing  units  in  the  overburden  (e.g.,  their 
transmissivity,  storage  coefficients,  leakage  coef- 
ficients, ground  water  flow  rates,  and  water 
quality)? 

What  will  be  the  impacts  of  the  mining  op- 
eration on  the  ground  water  system  and  its  users? 
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What  will  be  the  impacts  of  the  ground 
water  system  on  the  mining  operations? 

Drill  Hole  Spacing  and  Location 

In  a  recent  Environmental  Protection 
Agency  report  (Smith  and  others  1976,  p.  5)  it 
was  recommended  that  detailed  geologic  over- 
burden sampling  of  rock  columns  down  to  the 
coal  should  be  required  arbitrarily,  at  intervals 
of  I  km  (0.6  mi)  or  less,  depending  on  the  rate 
of  lateral  change  in  rock  strata.  Recommenda- 
tions of  this  type  are  most  certainly  unwarranted 
for  several  reasons. 

1.  The  setting  of  arbitrary  limits  on  drill 
hole  spacing  cannot  be  justified  as  such  a  pro- 
cedure will  not  provide  the  most  efficient  means 
of  collecting  information  on  overburden,  hydrol- 
ogy, geotechnical  considerations,  and  mineral 
resources. 

2.  Arbitrary  limits  cannot  be  justified  on 
the  basis  of  the  great  variability  in  the  lateral 
continuity  of  rock  strata  in  various  basins. 

If  arbitrary  limits  are  unjustified,  it  follows 
that  drill  hole  spacing  and  location  must  be  de- 
termined uniquely  for  each  geologic  province  or 
possibly  even  for  each  mine  site.  In  making  these 
determinations,  several  aspects  of  drilling  and 
sampling  theory  must  be  reviewed. 

In  the  first  place,  it  should  be  emphasized 
that  most  programs  initiated  by  mining  com- 
panies will  proceed  in  a  series  of  stages  or  phases. 
Initial  drilling  may  involve  only  reconnaissance 
holes  with  a  wide  spacing  designed  to  penetrate 
geologic  formations  for  rock  units  of  potential 
interest  and  to  provide  generalized  structural 
data.  If  favorable  results  are  forthcoming,  addi- 
tional drilling  programs  will  be  designed  to  locate 
trends  in  mineralization.  Ultimately,  when  ore 
bodies  are  to  be  outlined  in  detail,  closely  spaced 
drill  holes  will  be  required.  This  type  of  explora- 
tion program  is  particularly  common  in  the  search 
for  sandstone-type  uranium  ore  bodies.  Such  a 
program  of  successive  steps  in  detecting,  outlin- 
ing, and  sampling  a  disseminated  copper-molyd- 
enum  sulfide  deposit  is  illustrated  in  fig.  4. 
Other  types  of  exploration  programs  may  be 
more  common  in  coal  exploration  where  the 
general  extent  and  character  of  major  coal  re- 


serves is  known  with  greater  certainty.  In  any 
event,  modifications  to  the  exploration  program 
will  certainly  occur  as  the  program  progresses 
and  as  new  data  becomes  available. 

One  essential  element  of  any  sampling  design 
(pattern  of  drill  holes)  is  a  randomization  pro- 
cedure. The  notion  of  random  samples  disturbs 
many  scientists  who  feel  that  samples  should  be 
collected  on  the  basis  of  scientific  judgment.  In 
random  sampling,  however,  scientific  judgment 
can  be  used  in  defining  a  population  to  be  sam- 
pled. Once  defined,  each  potential  sample  in  the 
population  must  be  given  an  equal  chance  of  be- 
ing picked.  This  can  be  illustrated  by  a  number 
of  more  widely  used  sampling  designs  as  shown 
in  fig.  5. 

Assuming  the  area  to  be  investigated  is 
underlain  by  homogeneous  strata,  a  simple  ran- 
dom sampling  plan  (fig.  5A)  can  be  used.  On 
the  other  hand,  if  the  overburden  rock  strata 
changes  say,  from  sandstones  in  the  northwest 
to  shales  and  finally  to  limestones  in  the  south- 
east portion  of  the  mine  area,  a  stratified  ran- 
dom sampling  plan  (fig.  5B)  might  be  more  ap- 
propriate. In  this  case,  the  areas  to  be  sampled 
are  selected  on  the  basis  of  scientific  (geologic) 
judgment  while  the  exact  location  of  each  drill 
hole  within  an  area  is  selected  by  some  type  of 
random  process. 

A  third  consideration  involved  in  the  design 
of  a  drill  hole  program  involves  the  type  of  dril- 
ling methods  used.  The  overwhelming  majority 
of  holes  drilled  by  mining  companies  will  involve 
the  use  of  rotary  drilling  methods  that  provide 
cuttings  or  chips  of  the  overburden  units  but  not 
continuous  cores.  Although  continuous  cores  are 
preferable  from  the  standpoint  of  detailed  eval- 
uation of  the  overburden,  the  cost  is  much 
greater.  A  thorough  discussion  of  drilling  and 
sampling  methods  is  found  in  the  following  sec- 
tion of  this  handbook. 

Some  continuous  cores,  along  with  drill 
cuttings  and  geophysical  logs  from  other  drill 
holes,  should  be  sufficient  for  the  analysis  of  the 
overburden  material. 

The  spacing  of  continuous  cores  must  be 
based  on  specific  site  considerations  (e.g.,  lateral 
variability  in  overburden  strata)  as  determined 
from  studies  of  cuttings  and  geophysical  logs. 
Finally,  unless  other  considerations  such  as  the 
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Figure  4.  Successive  steps  in  an  exploration  drilling  program  to  detect,  outline,  and 
sample  a  disseminated  copper-molybdenum  sulfide  deposit  (From  Bailey,  P.  A.  1968, 
fig.  2.1-2,  p.  31 .  Used  by  permission  of  the  American  Institute  of  Mining,  Metallurgical, 
and  Petroleum  Engineers,  Inc.). 
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A.  Simple  random 
sampling 


B.  Stratified 

random  sampling 
with  natural 
strata 


C.  Stratified 

random  sampling 
with  artificial 
strata 


D.  Two-stage- 
sampling  with 
natursLl  strata 


E.  Two-stage 

sampling  with 

artificial 

strata 


F.  Three -stage 
sampling  with 
artificial 
strata 


G.  Systematic 
ssimpling 


H.  Cluster 
sampling 


Figure  5.  Some  of  the  more  commonly  used  sampling  designs.  See  text  for  a  more 
complete  explanation  (after  Miesch  1976,  fig.  16,  p.  83). 
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location  of  water  wells,  location  of  holes  to 
gather  geotechnical  information,  access  routes, 
etc.,  warrant  it,  the  specific  location  of  contin- 
uous core  drill  holes  should  be  determined  by 
random  processes  within  each  area  considered  to 
be  a  geologic  population. 

Two  recent  reports  (Dollhopf  and  others 
1978;  and  Hinkley  and  others  1978)  address  the 
problem  of  drill  hole  spacing  for  characterizing 
the  physical  and  chemical  characteristics  of  over- 
burden material  at  specific  sites  in  Montana. 
Both  studies  involve  an  evaluation  of  the  Fort 
Union  Formation  which  displays  considerable 
lateral  and  vertical  variability  in  both  physical 
and  chemical  characteristics.  Dollhopf  and  others 
(1978)  develop  a  predictive  regression  equation 
that  suggests  that  the  drill  hole  spacing  of  76  m 
(250  ft)  allowed  for  the  greatest  accuracy  in  pre- 
dicting overburden  characteristics.  Their  regres- 
sion relationship  (Dollhopf  and  others  1978,  p. 
63)  allows  an  investigator  to  determine  drill  hole 
spacing  between  76  m  (250  ft)  and  61 0  m  (2,000 
ft)  based  on  a  trade-off  between  reliability  or  ac- 
curacy of  the  information  obtained  and  the  cost 
of  drilling  operations.  This  procedure  provides  a 
significant  step  forward  in  establishing  a  geologic 
overburden  and  hydrologic  sampling  program. 
The  equation  has  not,  however,  been  tested  out- 
side of  the  Coalstrip,  Montana  area  or  in  other 
geologic  strata.  Hinkley  and  others  (1978)  in  a 
separate  study  of  the  Fort  Union  Formation  in 
Montana,  state  that  a  single  drill  hole  anywhere 
on  a  mine  site  will  provide  the  same  information 
on  overburden  characteristics  as  many  holes. 
Drill  hole  spacings  used  in  their  study ,  however, 
were  between  1  and  4  km.  At  these  distances  the 
accuracy  of  prediction  based  on  the  equation 
presented  by  Dollhopf  and  others  (1978)  is  no 
better  than  50  percent. 

Sampling  Intervals 

Smith  and  others  (1976,  p.  5)  recommend 
that  routine  sequential  sampling  of  overburden 
columns  (from  continuous  cores)  with  depth 
should  require  at  least  one  sample  representing 
each  0.3  m  (1  ft)  of  overburden  from  the  land 
surface  to  the  top  of  each  coal  to  be  mined.  Fur- 
thermore, they  suggest  that  if  samples  for  analy- 
sis are  taken  by  a  qualified  geologist,  the  sample 
interval  can  be  extended  to  1 .5  m  (5  ft).  This 


type  of  arbitrary  limitation  on  the  distribution 
of  samples  for  laboratory  analysis  is  as  unjustified 
as  an  arbitrary  spacing  of  drill  holes. 

The  type,  purpose,  and  amount  of  sample 
needed  for  a  particular  analysis  must  be  con- 
sidered in  determining  sampling  intervals.  For 
example,  the  amount  of  core  material  needed 
for  preparing  a  thin-section  for  mineralogical  de- 
terminations is  extremely  small  compared  with 
the  amount  of  sample  needed  for  salinity,  fertil- 
ity, textural  analysis,  or  plant  growth  studies  in 
the  greenhouse.  An  arbitrary  sampling  interval 
of  0.3  m  for  thin  sections  would,  undoubtedly, 
produce  redundant  data;  whereas,  the  same  in- 
terval would  result  in  insufficient  samples  to  run 
other  desired  chemical  and  physical  analyses. 

There  are  at  least  two  logical  ways  to  ap- 
proach the  method  of  sampling  intervals  within 
a  continuous  core. 

1 .  The  geologic  overburden  can  be  divided 
into  rock  types  (sandstone,  shale,  mudstone,  etc.) 
and  each  unit  can  be  sampled  according  to  the 
thickness  of  the  strata.  This  type  of  procedure  is 
generally  satisfactory,  however,  it  may  provide 
unnecessary  duplication  of  analyses  of  the  same 
rock  type  if  it  occurs  repeatedly  in  a  core.  Age 
differences  between  the  upper  and  lower  portions 
of  a  core  may,  however,  justify  this  repetition  as 
older  strata  with  the  same  visual  characteristics 
may  have  different  chemical  aspects  because  of 
diagenetic  alterations  (alteration  of  the  rock  after 
deposition  and  burial). 

2.  A  more  satisfactory,  but  also  more 
complicated  method  of  determining  sample  in- 
tervals, involves  the  recognition  of  the  paleoen- 
vironments  of  the  overburden  (i.e.,  the  equivalent 
modern  environment  in  which  a  particular  stra- 
tum was  deposited).  Once  these  paleoenviron- 
ments  are  recognized,  the  strata  can  be  divided 
into  a  number  of  genetically  related  units  (popu- 
lations), each  of  which  can  be  sampled  for  lab- 
oratory analyses.  The  justification  of  this  type 
of  approach  can  be  found  in  Caruccio  et  al. 
(1977,  p.  1  and  2).  These  authors  have  found 
that  the  occurrence  of  framboidal  iron  disulfide, 
for  example,  within  a  particular  rock  strata  is  a 
function  of  its  paleoenvironment.  That  is  to  say, 
the  conditions  under  which  the  rock  was  de- 
posited control  the  formation  of  certain  toxic 
minerals.  Thus  the  association  of  framboidal 
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pyrite  to  certain  paleoenvironments  (rock  se- 
quences) in  eastern  coals  is  a  key  to  the  identi- 
fication of  rocks  associated  with  coal  strata 
which,  when  mined,  will  produce  acid  mine 
drainage  problems. 

The  second  type  of  sample  interval  selection 
shows  great  promise  for  use  in  the  future.  There 
are  several  problems,  however,  associated  with 
the  use  of  this  plan  at  the  present  time.  Only 
some  geologists  and  soil  scientists  have  the  train- 
ing to  recognize  the  paleoenvironments  of  over- 
burden strata  and  the  relationships  which  appear 
valid  for  eastern  coals  are  only  now  being  tested 
on  western  coal  bearing  sequences.  For  example, 
Moran  and  others  (1978)  in  a  study  of  North 
Dakota  lignite  bearing  sequences  suggest  that 
geochemical  variations  in  overburden  materials 
may  be  related  to  the  environment  of  deposition. 
Unfortunately,  they  present  very  little  data  on 
correlations  to  support  their  statement. 
Groenewold  (1979)  demonstrates  that  an  under- 
standing of  the  original  environment  of  deposi- 
tion of  the  overburden  material  coupled  with  a 
well  integrated  mining  and  reclamation  plan  will 
allow  for  the  design  of  a  postmining  landscape  in 
which  water  chemistry  is  predictable.  The  au- 
thors of  this  handbook  are  currently  gathering 
data  from  coal  bearing  sequences  in  the  Powder 
River  Basin  to  test  this  contention.  No  conclu- 
sions are  available  at  this  time,  however. 

At  this  time  we,  therefore,  recommend  the 
first  procedure  of  dividing  the  overburden  strata 
into  rock  types  on  the  basis  of  macroscopic  (vis- 
ual) differences  and  using  these  units  as  sample 
intervals. 


Hydrologic  Considerations 

In  order  to  evaluate  the  existing  ground 
water  quantity  and  quality  and  to  determine  the 
impact  of  mining  on  the  ground  water  system 
and  its  users,  a  surveillance  network  must  be  es- 
tablished that  is  representative  of  the  system  and 
that  provides  data  concerning  the  structure, 
geometry,  and  hydraulic  characteristics  of  the 
system.  Physically,  this  surveillance  network  will 
consist  of  a  number  of  monitoring  wells,  some 
of  which  will  certainly  be  used  to  obtain  geologic 
overburden  information  as  discussed  above.  With 


the  information  obtained  from  this  network  it 
will  be  possible  to  estimate  the  system's  response 
to  natural  and  manmade  stresses. 

The  first  and  most  important  step  in  design- 
ing a  ground  water  monitoring  network  is  to 
identify  the  purpose  and  objectives  of  the  moni- 
toring program.  Consideration  should  be  given 
to  the  fact  that  monitoring  sites  located  within 
the  area  to  be  mined  will  be  destroyed  and, 
therefore,  are  only  temporary.  To  provide  moni- 
toring during  and  after  mining,  some  sites  must 
be  located  outside  the  area  to  be  mined.  Once 
this  is  accomplished,  the  investigator  determines 
the  optimum  location  and  number  of  wells  in 
the  network  necessary  to  attain  these  goals.  The 
following  examples  illustrate  the  relationship  be- 
tween the  purpose  and  pattern  of  two  idealized 
observation  networks.  For  instance,  changes  in 
ground  water  levels  and  storage  volumes  are  best 
observed  via  an  array  of  randomly  spaced  wells 
(fig.  5A),  whereas  specific  recharge  and  discharge 
locations  should  be  monitored  by  clusters  of 
wells  in  each  area  (fig.  5H).  In  both  examples, 
the  number  of  wells  required  in  the  study  area 
depends  upon  the  complexity  of  the  aquifer  sys- 
tem and  the  level  of  detail  desired  (Heath  1976). 

The  hydrologic  characteristics  of  an  aquifer 
system  are  largely  determined  by  the  areal  geo- 
logic conditions.  The  geologic  conditions  must 
be  incorporated  into  the  design  of  an  observa- 
tion network  if  it  is  to  provide  accurate  informa- 
tion concerning  the  geometry  and  hydrologic 
parameters  of  the  aquifer  system.  In  many  areas 
the  detailed  subsurface  geology  is  not  known 
prior  to  drilling;  thus  the  monitor  network  must 
be  flexible  so  that  it  may  be  modified  as  addi- 
tional data  is  obtained  during  drilling.  Potential 
drilling  costs  may  be  reduced  in  situations  where 
geologic  formations  provide  information  about 
subsurface  conditions.  The  investigator  should 
not  be  overly  reliant  on  surface  relations;  how- 
ever, in  many  areas  the  conditions  at  depth  are 
totally  unrelated  to  the  topography  and  geology 
at  the  surface. 

At  this  point  it  is  useful  to  examine  qualita- 
tively, the  various  types  of  geologic  material  and 
structure  with  respect  to  their  aquifer  character- 
istics and  impactson  the  monitor  network  design. 
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Unconsolidated  formation.  —  Unconsoli- 
dated aquifer  materials  are  composed  of  sand 
and  gravel  zones  usually  associated  with  silt  and 
clay.  These  sediments  exhibit  intergranular 
permeability  and  water  contained  in  them  exists 
in  pore  spaces  or  the  interstices  between  grains. 
Gravel  and  sand  deposits  occur  naturally  in  a 
variety  of  configurations;  extensive,  continuous 
thick  orthin  beds,  discontinuous  beds  and  lenses, 
stringers,  and  erosion  channels. 

Monitoring  network  design  is  fairly  straight- 
forward in  extensive  continuous  deposits;  an  ar- 
ray of  randomly  spaced  wells  penetrating  the 
same  aquifer  is  sufficient.  Discontinuous  beds, 
lenses,  and  erosion  channels  are  a  difficult  mon- 
itoring problem  requiring  a  detailed  knowledge 
of  the  subsurface  geology.  In  this  case,  well  spac- 
ing is  dependent  upon  the  variability  of  the 
aquifer  deposits;  highly  variable,  discontinuous 
formations  require  a  greater  monitorwell  density 
than  continuous  deposits.  Monitor  networks  in 
channelized  aquifer  deposits  should  consist  of 
wells  placed  at  regularly  spaced  intervals  along 
the  channel  axis.  A  detailed  monitor  network  in 
these  deposits  would  require  an  extensive  drill- 
ing program  at  great  expense. 

Consolidated  formations.  —  Consolidated 
aquifer  formations  are  composed  of  sandstones 
exhibiting  intergranular  and/or  fracture  permea- 
bility or  other  rock  types  with  fracture  or  solu- 
tion channel  permeability.  Continuous  sandstone 
units  with  intergranular  permeability  can  be 
monitored  by  a  network  of  randomly  spaced 
wells  penetrating  the  same  formation.  Aquifers 
with  fracture  or  solution  channel  permeability 
may  be  more  difficult  depending  upon  the  frac- 
ture or  solution  channel  density.  Highly  fractured 
formations  may  be  considered  as  homogeneous 
systems  on  a  large  scale  and  monitored  accord- 
ingly. Aquifer  systems  with  widely  spaced  frac- 
tures or  solution  channels  require  extensive  sub- 
surface exploration  before  a  representative  mon- 
itoring network  can  be  established. 

Geologic  structure.  —  For  our  purpose,  geo- 
logic structure  includes  such  features  as  faults, 
folds,  and  bedrock  contacts. 

Faults  may  be  barriers  or  conduits  for 
ground  water  movement  depending  upon  the 
lithology  and  geologic  history  of  the  region. 
Faults  frequently  become  ground  water  barriers 


due  to  the  formation  of  impermeable  clay  gouge 
zones  or  by  offsetting  the  aquifer  formation  until 
it  abuts  impermeable  deposits.  Faults  can  be 
ground  water  conduits  when  permeable  fracture 
zones  are  created  in  otherwise  impermeable 
materials. 

Folds  have  various  effects  on  the  ground 
water  flow  regime  depending  upon  the  type  of 
strata  involved  and  the  fold  intensity.  Localized, 
discontinuous,  perched,  and  compartmentalized 
ground  water  bodies  commonly  occur  in  areas  of 
complex  geologic  structure  (Bean  1967). 

Ideally  a  monitoring  system  should  have 
wells  above  and  below  the  aquifer  in  addition  to 
those  within  the  aquifer  in  order  to  gain  infor- 
mation about  the  three-dimensional  response  of 
the  aquifer  system  to  stresses  (Heath  1976).  The 
hydrologist  must  use  the  disciplines  of  engineer- 
ing, geology,  hydrology,  and  economics  when 
designing  a  monitoring  network.  In  addition,  a 
compromise  must  be  made  between  the  detail 
produced  by  the  monitor  network  and  its  costs. 

DRILLING  AND  SAMPLING 
METHODS 

Drilling 

This  section  mentions  the  most  common 
methods  for  drilling,  but  no  attempt  has  been 
made  to  describe  the  procedure  for  drilling.  Drill- 
ing techniques  and  equipment  are  described  in 
detail  by  Acker  (1974),  Campbell  and  Lehr 
(1973),  and  Johnson  (1975). Table  7  summarizes 
various  drilling  methods  that  affect  overburden 
sampling  and  formation  logging;  and  their  affect 
upon  water  yield  and  quality  tests.  Some  recom- 
mended drilling  methods  for  various  types  of 
geologic  overburden  are  also  given  in  the  table. 


Sampling  During  Drilling 

Three  methods  to  advance  samples  during 
drilling  are  driving,  augering,  and  rotary  core 
drilling.  Drive  sampling  is  used  for  surficial  mate- 
rials (soils)  both  above  and  below  the  water 
table.  Hammering,  jacking,  pushing,  single  blow, 
and  shooting  are  used  to  drive  samplers  into  the 
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Table  7.  —  Summary  of  commonly  used  drilling  methods 


Method 


Recommended  overburden 
conditions 


Overburden  sampling  and 
formation  logging 


Water  yield  and  quality  tests 


Cable-tool  percussion 


Rotary  drilling  (direct  circu- 
lation) using  water  or  drilling 
mud  as  the  drilling  medium. 


Rotary-drilling  (direct  circula- 
tion) using  air  as  the  drilling 
medium 


Air-percussion  rotary  drilling 


Reverse  circulation  rotary 
drilling 


Rotary  drilling  with  reverse 
circulation  and  dual  wall  pipe 


Hammer  drilling  with  reverse 
circulation  and  dual  wall  pipe. 


Auger  boring 

Drive-tube  boring 

Wash  boring 
letting 


Good  for  fractured  or  broken  for- 
mations. 


Unsatisfactory  or  difficult  in  loose, 
coarse-grained  overburden  with 
cobbles  or  boulders. 


Recommended  for  highly  fractured 
or  cavernous  rock  such  as  coal  or 
limestone  where  conventional  rotary 
drilling  would  result  in  the  loss  of 
drilling  fluids  and  circulation. 

Best  for  consolidated  rock  forma- 
tions. 


Recommended  for  drilling  large 
holes  in  unconsolidated  formations 
such  as  sand,  silt,  or  soft  clay. 

Excellent  for  drilling  and  sampling 
in  formations  which  are  highly  frac- 
tured and/or  have  voids  and  cavities. 


Designed  to  penetrate  alluvial  for- 
mations, and  can  penetrate  sand, 
gravel,  and  boulder  formations  at 
rapid  speed 


This  method  is  best  suited  for  loose, 
dry,  moderately  cohesive  soils  and 
broken  formations  which  will  not 
easily  cave. 

Not  satisfactory  m  coarser  fine- 
grained soils,  clean  sands,  or  co- 
hesionless  soils  below  the  water 
table. 

Slow  in  hard  or  cemented  layers. 
Slow  m  hard  cohesive  soils. 


Undisturbed  cores  cannot  be  ob- 
tained; cutting  samples  are  of  suffi- 
cient size  to  permit  geological 
identification  and  description; 
samples  are  not  contaminated  with 
drilling  mud;  samples  bailed  from 
each  interval  represent  about  a  3 
to  5  ft  zone;  when  casing  is  used 
during  drilling  there  is  little  chance 
of  sample  contamination  for  cav- 
ing. 

Drill  cuttings  are  mixed  from  dif- 
ferent depths  and  contaminated 
by  drilling  mud  when  used;  cut- 
tings brought  to  the  surface  can 
vary  with  depth  characteristics  rather 
than  from  where  the  material  was 
penetrated;  sample  lag  time  in 
deeper  holes  can  become  trouble- 
some in  obtaining  a  reliable  geo- 
logic log. 

Instant  cuttings  recovery;  as  is  mois- 
ture samples;  no  washed  cores;  sam- 
ples are  not  contaminated  with 
drilling  mud. 

Samples  are  not  contaminated  with 
drilling  mud. 


Produces  larger  sized  chip  particles 
than  that  of  conventional  rotary 
ec|uipment;  more  accurate  and  more 
continuous  samples  compared  to 
other  rotary  methods;  eliminates 
sample  contamination  caused  by 
caving  formations  or  particles  eroded 
from  the  sides  of  the  hole. 

Provides  a  continuous  and  accurate 
geological  sample  of  the  penetrated 
material:  no  critical  layers  such  as 
soft  seams,  organic  layers,  etc.,  are 
missed;  large  cobbles  can  be  lifted 
without  prior  crushing. 

Obtains  representative  disturbed 
samples;  generally  not  satisfactory 
for  obtaining  samples  below  the 
water  table. 

Obtains  representative  disturbed 
samples. 


Representative  samples  cannot  be 
obtained. 

No  information  for  formation  log- 
ging or  samples  for  classification. 


Water  bearing  zones  can  be  easily 
identified;  there  is  a  minimum  con- 
tamination of  water  producing  zones; 
potential  aquifers  can  be  tested 
for  yield  and  quality  of  water  by 
bailing  or  pumping;  permits  mea- 
surement of  static  water  levels. 


Measuring  static  water  levels,  taking 
representative  water  samples,  and 
performing  pump  tests  of  individual 
aquifers  is  not  practical;  when  used 
for  drilling  water  wells  the  holes 
should  be  drilled  using  water  or 
drilling  additives  that  are  biode- 
gradable so  that  the  drilling  medium 
can  be  removed  from  the  well  during 
development. 

Depth  to  water  table  can  be  deter- 
mined; there  is  a  minimum  con- 
tamination of  water  producing  zones. 


Depth  to  water  table  can  be  de- 
termined; there  is  a  minimum  of 
contamination  of  water  producing 
zones. 


Water  aquifers  can  be  identified 
immediately  when  drilling  with  air; 
permits  measurement  of  static  water 
levels. 


Aquifers  can  be  pinpointed  within 
inches  because  once  the  drive  bit 
has  progressed  beyond  the  aquifer, 
the  samples  become  dry  again. 


Water  samples  are  not  contami- 
nated with  any  drilling  medium; 
permits  measurement  of  static  water 
levels. 

I 

Water  samples  are  not  contami- 
nated with  any  drilling  medium; 
permits  measurement  of  static  water 
levels 
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soil.  Rapid  continuous  pushing  using  drill  rods 
and  the  hydraulic  cylinders  of  a  drill  rig  is  recom- 
mended for  overburden  studies. 

Auger  sampling  is  used  in  surficial  materials 
(sands,  silts,  clays)  above  the  water  table.  Hollow 
stem  augers  permit  sampling  below  the  water 
table.  This  method  advances  the  hole  with  a  hol- 
low stem  auger;  when  sampling  is  desired  the 
drilling  is  halted  and  a  drive  sampler  is  passed 
through  the  hollow  stem  to  take  samples  at  the 
bottom  of  the  auger  stem.  A  rotary  drill  rig  can 
be  fitted  for  auger  drilling. 

Rotary  core  drilling  can  be  used  to  obtain 
rock  and  soil  samples.  Rotary  core  drilling  is 
more  costly  and  complicated  than  drive  sampling 
or  augering  techniques.  More  variables  must  be 
considered  for  rotary  coring  such  as  coring  bits 
and  circulation  of  a  drilling  medium  such  as  air, 
water,  or  mud. 

An  improved  method  of  collecting  cuttings 
from  a  rotary  drilled  hole  using  water  or  water 
base  mud  as  the  circulating  fluid  is  described  by 
Huff  and  Youngberg  (1  978).  The  equipment  for 
undertaking  this  type  of  cuttings  collection  is 
known  as  the  Sample  Master. 

Using  Drilling  Fluids 
During  Sampling 

During  rotary  drilling  it  is  necessary  to  use 
a  drilling  medium  such  as  air,  water,  or  mud  for 
lifting  cuttings  from  the  borehole.  For  overbur- 
den studies  it  is  recommended  that  air  be  used 
where  possible.  The  next  recommended  choice 
would  be  water. 

The  use  of  drilling  mud  should  be  avoided 
unless  absolutely  necessary  to  overcome  lost  cir- 
culation problems,  or  to  lift  cuttings  from  deep 
holes,  or  to  support  the  borehole  during  drilling. 
When  using  mud  additives  it  is  recommended 
that  a  biodegradable  mud  be  used  if  the  borehole 
is  to  be  converted  into  a  water  well. 

Rock  cores  obtained  when  using  drilling 
mud  should  be  carefully  washed  before  any 
chemical  tests  are  completed  on  samples.  A 
chemical  analysis  should  be  obtained  on  the 
water  and/or  drillingmud  when  used.  This  analy- 
sis will  be  useful  when  interpreting  any  chemical 
tests  that  might  be  done  on  soil  or  rock  samples. 


Table  8  shows  how  various  drilling  mediums  can 
affect  chemical  tests. 

Prevention  of  Borehole  Caving 
During  Sampling 

During  drilling  and  sampling  in  soft  or  co- 
hesionless  material,  the  walls  and  bottom  of  the 
borehole  can  cave.  The  sides  of  the  borehole  can 
gradually  squeeze  in  if  the  soil  or  rock  is  plastic 
such  as  clay  material.  Casing  the  borehole  with 
pipe  or  the  use  of  drilling  mud  can  prevent  cav- 
ing or  squeezing  in  of  the  borehole. 

For  overburden  studies,  it  is  recommended 
that  the  borehole  be  cased  with  pipe  when  drill- 
ing materials  that  can  cave  or  squeeze  in.  As 
drilling  progresses  the  drill  hole  is  lined  with 
pipe  having  an  inside  diameter  which  permits  the 
passage  of  the  drill  bit  to  advance  the  hole  and 
for  entry  of  the  sampler.  When  drilling  with 
rotary  systems,  the  use  of  drilling  mud  for  sup- 
porting the  sides  of  the  borehole  should  be 
avoided  unless  absolutely  necessary.  This  will 
prevent  contamination  of  chemical  tests  and 
water  aquifers. 


Sampling  and  Rotary  Coring  Bits 

There  are  a  wide  variety  of  coring  bits  avail- 
able to  drill  various  geologic  materials.  Tungsten 
carbide  inserts  and  sawtooth  bits  are  often  used 
in  soils  and  soft  or  medium  hard  rocks  because 
they  are  less  expensive  than  diamond  bits.  Dia- 
mond bits  can  be  used  in  soft  and  medium  hard 
rocks,  and  are  a  necessity  in  hard  rocks.  Table  9 
gives  some  recommended  coring  bit  designs  to 
be  used  for  various  geologic  conditions. 

Suggested  Techniques  to  Obtain 
a  High  Percentage  of  Core  Recovery 
in  Soft  or  Poorly  Consolidated 
Materials 

Good  core  recovery  depends  a  great  deal 
upon  the  skill  of  the  drillers  who  are  working 
with  the  coring  job.  The  following  suggestions 
can  help  improve  core  recovery  when  used  by 
drillers: 
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Table  8.  —  Effects  of  Sampling  Methods  on  Results  of  Chemical  Analysis  of  Overburden 
Samples  (adapted  from  Power  and  Sandoval  1976) 


Drilling  methods 

1.  Pneumatic  drilling  (air), 
no  solutions  used,  and  cut- 
tings blown  out  of  drill  hole 
by  compressed  air.  Samples 
taken  in  1  ft  intervals. 

2.  Coring  by  circulating 
water  through  the  drill  stem. 
(Low  salt) 

3.  Coring  by  circulating 
bentonite  drilling  mud  and 
water  through  the  drill  stem. 
(Mud) 

4.  Coring  by  circulating 
water  with  added  sodium 
and  magnesium  sulfate 
through  the  drill  stem.  (High 
salt) 

5.  Coring  by  circulating  an 
organic  polymer  (Revert)  and 
water  through  the  drill  stem. 

6.  Highwall  samples  (used 
as  reference  samples) 


Positive  aspects 

Least  contaminated,  fastest, 
least  expensive. 


Negative  aspects 

Solid  core  was  not  obtained; 
difficult  to  drill  when  over- 
burden is  wet. 


Lost  circulation,  soluble  salts 
leached  from  near  surface 
zone,  high  cost. 

Lost  circulation,  greater  con- 
tamination than  with  low  salt, 
soluble  salts  leached  from 
near  surface  zone,  high  cost. 


Less  contamination  than  with 
high  salt  but  greater  than  using 
Revert. 


Lost  circulation,  soluble  salts 
leached  from  near  surface 
zone,  high  cost. 


Circulation  was  not  lost  dur-  High  cost, 
ing  drilling. 


1.  Keep  the  weight  on  the  bit  low  to  pre- 
vent plugging  the  ports  of  the  bit,  and  to  prevent 
core  breakage. 

2.  Use  a  high  rotation  speed. 

3.  Use  a  face-discharge  bit  or  a  pilot  bit 
with  narrow  kerf. 

4.  Use  a  high  viscosity  drilling  mud. 

5.  Take  large  sized  cores.  In  general,  the 
larger  the  core  size  taken  the  better  the  recovery. 

6.  Keep  trash  and  lost  circulation  mate- 
rials out  of  the  drilling  water  or  mud. 

Sampling  and  Coring  Techniques 

The  sampling  and  coring  techniques  men- 
tioned in  this  handbook  can  be  grouped  into  the 


following  categories:  1)  drive  samplers,  2)  auger 
samples,  3)  rotary  coring  samples,  and  4)  special 
techniques.  Table  10  gives  some  guidelines  that 
can  be  used  when  selecting  a  sampling  technique 
for  soils  or  rock  overburden. 

WELL  COMPLETION  METHODS 
Well  Construction 

Wells  can  be  drilled  using  any  drilling 
method  described  in  this  handbook.  The  drilling 
and  construction  of  wells  are  described  in  detail 
by  Anderson  (1  967),  Campbell  and  Lehr  (1  973), 
and  Johnson  (1975).  Techniques  used  success- 
fully in  coal  studies  are  described  by  Moran  and 
others  (1978). 
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Table  9.  —  Recommended  coring  bit  designs  (Acker  1974) 


Geologic  condition 


Recommended  bit  design 
for  best  results 


Core  diameter 
in  inches 


SOFT 

Calcite 

Chalk 

Gypsum 

Limestone 

Talc 

Shale 

MEDIUM 

Claystone 

Siltstone 

Sandstone 

Limestone 

Slate 

Coal 


Pyramid  carbide 
Sawtooth 

Diamond-pilot  crown 
Diamond-large  diameter 

conventional  crown 
Diamond-face  discharge 

Pyramid-carbide 
Diamond-pilot  crown 
Diamond-conventional  crown 
Diamond-face  discharge 


7/8  to  6 

7/8  to  6 

7/8  to  3  11/32 

2  3/4  to  6 

1  1/8  to  2  5/8 


7/8  to  6 

7/8  to  3  11/32 

7/8  to  6 

1  1/8  to  2  5/8 


HARD 

Marble 

Limestone 
Chert 

Garnet  schist 

Granite 

Gneiss 

Garnet  mica 

Dolomite 

Quartzite 

Taconite 

Jasper 


Diamond-stepped  crown 
Impregnated  diamonds- 
conventional  crown 


7/8  to  3  11/32 
7/8  to  3  11/32 


Well  Casing 

The  size,  weight,  and  resistance  to  corrosion 
of  casing  should  be  considered  in  water  well  de- 
sign. Four-inch  diameter  wells  are  the  smallest 
size  that  will  handle  a  submersible  pump.  Carbon 
steel  casing  is  highly  resistant  to  soil  corrosion, 
and  stainless  steel  has  excellent  durability .  Plastic 
casing  is  used  frequently  because  it  is  less  costly 
than  steel.  Polyvinyl  chloride  (PVC)  is  used  for 
depths  up  to  200  ft.  Fiberglass-reinforced  epoxy 
pipe  has  been  used  for  depths  up  to  300  ft. 
Plastic  well  casings  are  usually  not  larger  than  6 
inches  in  diameter. 


Well  Screen  and  Perforated  Casing 

Wells  in  unconsolidated  materials  need 
openings  in  the  casing  to  permit  entrance  of 
water  into  the  well,  in  solid  rock  formations  the 
casing  can  be  left  open  at  the  bottom,  and  water 
can  enter  the  well  through  the  end  of  the  casing. 
Well  casing  can  be  perforated  in  the  field  using 
torches,  saws,  or  drills.  Casing  can  also  be  pur- 
chased with  perforations  that  were  made  at  the 
factory. 

Well  screens  are  often  used  in  place  of 
perforated  casing.  Screen  can  be  purchased  with 
open  areas  ranging  from  2  to  60  percent.  Well 
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Table  10.  —  Summary  of  sampling  techniques  for  soils  and  geologic  overburden 


Sampling  Recommended  Method  Length  of    Core         Water  table 

technique  geologic  of  sample       diameter  influence 

conditions  for  penetra-  held  in 

best  results  tion  barrel 


Core  quality 


State  of 
development 


Source^ 


"Pocket"  solid 
barrel  sampler 
(spoon  type) 

"Door"  or 
"window" 
type  sam(5ler 

Sidewall  sampler 


Thin  wall  "Shelby 
tube"  sampler 


Solid  barrel 
sampler 

Split  barrel 
samt^ler 


Sf^lit  barrel 
sampler  with 
liner 

Split  barrel 
sampler  "Maine 
type" 


Gravels,  sands 


Gravels,  sands 


Used  only  when 
other  sampler 
types  fail 

Silts,  clays 


Sands,  silts, 
clays 

Sands,  Slits, 
c  lays 

Plastic  soils 


Sands,  silts, 
( lays 


Double  tube  Sands,  silts, 

I ontinuous  drive  clays 
sami^ler 


M.l.T.  sampler 
with  retainer  and 
piano  wire 

Square  tube 
sampler 


Clays 


Clays 


Wit  sam[)ler  with  Sands,  silts, 
mi'mbrane  retainer  days 

Delft  mud  sampler  Sands,  silts, 
( lays 

Fixed  piston,  thin-    Sands,  silts. 


walled  sampler 
(Hvorslev  type) 

Free  (Piston 
sampler 


( lays 

Silts,  (  lays 


Hydraulii  fixed  Sands,  silts, 

f^iston  thin-walled  clays 
(Osterberg  type) 

Retractable  plug  Sands,  silts, 

sampler  days 

Stationary  piston  Sands,  silts, 


•ampler 


( lays 


Stationary  (Piston      Silts,  clays 
sampler  with  liner 
(Lowe-Acker) 

Delft  foil  sampler    Clays,  sands 


Rotate      36  —  60     1  1/2  to     Rec overy  and  quality    Not  core  sample; 

inches        2  1/2         of  sample  question-     disturbed  material 
inches       able  below 


Rotate 


Rotate 


Press 


Drive 
or 

|xess 

Drive 
or 

press 

Drive 
or 

press 

Drive 
or 

[)ress 
Drive 


Drive 


Drive 


Drive 


Drive 


Drive 


Drivi 


Drive 


Drive 


Drive 


Drive 


36  inches    5  inc  hes     Recovery  and  quality    Not  t  ore  sample: 
ol  sample  question-     disturbed  material 
able  below 


24  -  54 
inches 


60  inc  he^ 


1  1/2  to 

2  1/2 

int  hes 

1  7/8  to 
4  7/8 
inchi's 


Recovery  and  quality    Not  core  sample; 
of  sample  question-     disturbed  material 
able  below 


Satisfac tory  below 
with  normal  care 


Undisturbed  c  ore 
sample 


1  1/2  to     Recovery  and  quality    Disturbed  core 
3  inches    of  sample  question-  sample 
able  below 


12  —  24     1  1/2  to     Rec  overy, ind  qualtiy    Disturbed  i  ore 
inches        3  inches    of  sample  cjuestion-  sample 
able  below 

12  —  24      I  7/16  to  Sample  recovery  Disturbed  core 

inches        2  15/16     and  cjuality  sample 
inches  Cjuestionable 
below 

16  inches    3  1/2  to     Sample  recovery  Disturbed  core 

5  inches    and  quality  question-  sample 
able  below 

60  inches    2  7/8         Sample  rec  overy  and    Not  c  ore  sample; 

inches       C]uality  questionable     disturbed  material 
below 


30  inches    5  inches    Satisfac  tory  below 
with  normal  c  are 


24  inches 


2x2 
inc  hes 
sc|uaie 


12  inches    2  1/2 
mc  he; 


Satisfac  tory  below 
with  normal  c  are 


Relatively  trouble 
free  below 


2  inc  he- 


to  to  60    Relatively  trouble 


ft 


36  inches    3  to  5 
inches 


24  -  30 
im  hes 

4H  inches 


6  lnche^ 


24  —  54 
inc  hes 

6-9 
inc  hes 


2  1/2  to 
2  7/8 
inc  hes 

2  3/8  to 
4  7/8 
mc  hes 

7/8  inch 


1  7/8  to 
4  7/8 
inc  hes 

2  3/16 
inc  hes 


Push         36  inches    2  1/2 
inc  he; 


free"  below 

Relatively  trouble 
free  below 


Relatively  trouble 
free  below 

Relatively  trouble 
free  below 


Relatively  trouble 
free  below 


Relatively  trouble 
free  below 

Relatively  trouble 
free  below 


Relatively  trouble 
free  below 


Undisturbed  c  ore 
sample 

Undisturbed  c  ore 
sample 

Undisturbed 
tore  sample 

Disturbed  c ore 
sample 

Undisturbed  c  ore 
sam|)le 

Disturbed  core 
sample 

Undisturbed  core 
sample 

Not  c  ore  sample: 
disturbed  material 

Undisturbed  core 
sample 

Undisturbed  core 
sample 


Undistrubed  c  ore 
sample 


Readily 
available 


Readily 
available 


Readily 
available 


Readily 
available 


Readily 
available 


Readily 
available 


Readily 
available 


Readily 
available 


Longyear,  |oy 


joy 


loy 


Acker,  |oy,  Longyear, 
Mobil  Drill,  Penndrill, 
Soiltest,  Sprague 
and  Henwood 

)oy,  Longyear 


loy,  Longyear 


Joy,  Longyear 


loy,  Longyear 


Commercially  Penndrill 
available  on 
spec  lal  order 

Commercially  Sprague  and 
av. (liable  on  Henwood 
spec  lal  order 


Operational 
but  user 
fabric  atecl 


Wilson  (1969) 


Research  and  Wit  (1962) 
development 

Researc  h  and  Begemann  (1961) 
development 


Operationi' 
but  user 
fabricated 


Mathews  (1969) 


Commercially  Mobile  Drill 
available  on 
special  order 

Readily  Soiltest 
available 


Readily  Acker,  Mobile  Drill, 

available         Soiltest,  Sprague  and 
Henwood. 

Readily  Ac  ker,  Penndrill, 

available  Soiltest,  Sprague 
and  Henwood 

(  ommercially  Acker 

available  on 

special  order 

Researc  h  and  Begemann  (1961, 

Development  1971,  1974) 
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Table  10.  -  (Continued) 


Sampling  Recommended  Method  Length  of    Core         Water  table  Core  quality  State  of  Source^ 

technique  geologic  of  sample       diameter    influence  development 

conditions  for  penetra-  held  in 

best  results  tion  barrel 


Foil  sampler  with  Sands,  silti, 
rotarv  torinv;  bit  tiays 


Swedish  foil 
sampler 

Double-tube 
auger 


Sands,  silts, 
clays 

Silts,  c  lays 


Shrouded  auger      Sands,  silts, 
c  lays 


Rotate 


Push 


Rotate 


Rotate 


Up  to 
36  ft 


Up  to 
70  ft 


2  11/16 
inches 

2  11/16 
Inches 


46  inches    1  1  /4  to 
2  1/4 
Inches 

53  inches    4  1/8 
inches 


Open  spindle 
hollow  stem 
auger  Imoss 
tcchniquci 

Rubber  sleeved 
double  tube  core 
barrel 


Denison  type 
sampler 

Pitcher  sampler 


Large  diameter 
swivel  type  con- 
barrel,  core  lifter 
in  inner  barrel 

Swivel  type  core 
barrel,  core  litter 
in  inner  barrel 
(M-design) 

Swivel  type  core 
barrel  core  lifter 
in  outer  barrel 
fX-design 

Swivel  type  ( ore 
barrel,  retract- 
able triple  tube 
lAustralian  design' 

Wireline,  double 
tube  ( ore  barrel 


Silts,  I  lays, 
sands,  gravel 


Rotate  Variable 
and  drive 
c  ombina- 
tion 


Up  to 
5  1/2 
inches 


Weakly  cemented  Rotate 
rock;  interhedded 
hard  and  soft  rock; 
fractured  rock; 
weak  rock 


Sands,  silts, 
clays,  weakly 
cemented  rock 


Rotate 


Sands,  silts,  clays.  Rotate 
weakly  cemented 
rock;  interhedded 
hard  and  soft  rock 

Weakly  cemented  Rotate 
rock,  interbedded 
hard  and  soft  rock, 
fractured  roi  k 

Interbedded  hard  Rotate 
and  soft  rock, 
jointed  rock 


lointed  rock 


Rotate 


Weaklv  t  i-mented  Rotate 
rock,  interbedded 
hard  and  soft  rock, 
strongly  fractured 
rock 


W  eak  rot  k, 
jointed  ro(  k 


Rotate 


Wireline,  double     Weakly  cemented  Rotate 


tube  core  barrel 
with  liner 


Orienting  double 
tubi"  core  barrel 


Bishop  sand 
sampler 


rock,  interbedded 
hard  and  soft  rock, 
fractured  roi  k, 
weak  rock, 
jointed  roi  k 

Interbedded  hard  Rotate 
and  soft  rock,  weak 
rock,  jointed 
roi  k 


Sand 


Push 


20 
ft 


30     3  inches 


24  -  60     2  3/8  to 
inches        6  5/1  6 
inches 

36  inches    3  to  6 
ini  hes 


Satisfactory  below' 
with  normal  care 


Relatively  trouble 
free  below 


Not  suitable  below 
water  table 


Satisfactory  below 
with  normal  lare 

Satisfactory  below 
with  normal  t are 


Ri'latively  troubli 
free  below 


Relatively  trouble 
tree  below 


Satisfactory  below 
with  normal  care 


60  —  240    2  1/8  to     Satisfactory  below 
inches        5  15/16     with  normal  care 
inches 


60  —  240    7/8  to  Satisfactory  below 

inches         2    13/16  with  normal  care 
inches 

60  —  240    7/8  to  Satisfactory  below 

inches         2  1/8  with  normal  care 
inches 

60  -  1  20    1  1/8  to  Satisfactory  below 

inches        3  11/32  with  normal  tare 
inches 


60  —  180    1  1/16  to  Satistattorv  below 
inihes        3  11/32     with  normal  tare 
inches 


60  —  180 
int  hes 


(.0  —  1  20 
inc  hes 


IS 

inches 


1  5/1  6  to  Satisfactory  below 
3  1/4       with  normal  lare 
inches 


1  5/8  to 
5  7/8 
inches 

2  3/8 
ini  hes 


Satisfai  tory  below 
with  normal  i  are 


Relatively  trouble 
free  below 


Undisturbed  core 
sample 

Undisturbed  tore 
sample 

Undisturbed  t  ore 
sample 

Not  core  sample; 
disturbed  material 

Disturbed  tore 
sample 


Core  sample 


Undisturbed  core 
sample 

Undisturbed  lore 
sample 


Core  sample 


Core  sample 


Core  sample 


Core  sample 


Core  sample 


Core  sample 


Core  sample 


Undisturbed 
I  ore  sample 


Researthand  Broms  and  Hallen 
development   '1 971 1,  Fukuoka 

'1969' 

Commercially  Sprague  and 
available  on  Henwood 
spei  lal  order 

Readily  Soillest 
available 


Readily 
available 

Readily 
available 


Mobile  Drill 


Mobile  Dnll 


Commertially  Christensen 
available  on 
spei lal  order 


Readily 
available 


Readily 
available 


Readily 
available 


Readily 
available 


Readily 
available 


Readily 
available 


Readily 
available 


Readily 
available 


Readily 
available 


Ofierational 
but  user 
fabrii  ated 


Acker,  Soiltest, 
Sprague  and 
Henwood 

Pitt  her  Drilling  Co. 


Acker,  Christensen. 
Longyear,  Sprague 
and  Henwood 


At  ker,  Christensen, 
Longyear,  Penndrill, 
Soiltest 


Atker.  Longyear. 
Penndrill.  Sprague 
and  Henwood 

Triefus  Industries, 
Odgers  Drilling 


S[)rague  and  Hen- 
wood, Acker,  Boyle 
Bros.,  Christensen. 
Longyear.  Reed, 
Reese 
Longyear 


Christensen 


Si-rota  and 
jennings  (1957). 
Bishop  (19481 


Sources  listed  without  a  date  are  manufacturers  or  distributors.  Addresses  for  these  manufacturers  are  given  in  Appendix  IV'. 
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Table  1 1.  —  Methods  for  developing  water  wells 


Method 


Advantages 


Disadvantages 


Over-pumping 


Convenient  methods  for  small 
wells  or  poor  aquifers. 


Back-washing        Can  effectively  reduce  "bridging." 


Surge-plungers      Low  cost;  convenient  to  use  for 

Cable-tool  rigs. 


Compressed  air     Rapid  method. 


High  velocity  jet    Most  effective  method;  simple  to 

apply. 

Blasting  Rapid  method. 

Acidizing  Rapid  method. 


Not  adequate  for  large  wells;  will  not 
develop  maximum  efficiency  in  awell; 
tends  to  cause  sand  to  "bridge"  in  the 
formation;  requires  the  use  of  high 
capacity  pumping  equipment. 

Fine  sand,  mud,  silt,  or  clay  can  be 
washed  into  the  well  from  the  forma- 
tion; not  effective  unless  combined 
with  surging,  bailing,  or  pumping;  large 
quantities  of  water  required. 

Can  produce  unsatisfactory  results  when 
an  aquifer  contains  clay  because  the 
casing  or  screen  can  collapse  if  it  be- 
comes plugged  with  mud;  sometimes 
the  well  seal  can  be  disturbed  when 
surging. 

Where  yield  is  very  weak  and  draw- 
down rapid,  or  submergence  is  low, 
other  methods  will  be  more  satisfactory. 


Used  for  solid  rock  wells  only. 
Used  for  limestone  aquifers  only. 


screens  are  made  of  iron,  brass,  stainless  steel, 
fiberglass,  and  plastic.  The  size  of  perforations, 
slots,  or  screen  openings  are  chosen  after  the  par- 
ticle size  distribution  of  water-bearing  zones  are 
determined  from  samples  taken  during  drilling. 

Gravel  Packing 

Often  a  drill  hole  is  larger  than  the  outside 
diameter  of  the  casing  so  a  gravel  pack  is  used  to 
stabilize  the  formation.  The  annular  space  around 
the  well  screen  or  perforations  is  gravel  packed 
to  prevent  materials  above  the  water  table  from 
caving  or  slumping  into  the  water  producing 
zone.  Gravel  packing  is  also  used  in  unconsoli- 
dated formations  of  fine  uniform  sand  or  layered 
deposits. 


Screen  openings  or  perforations  are  chosen 
so  that  90  percent  or  more  of  the  gravel  pack 
material  will  be  retained.  It  is  recommended  that 
a  gravel  pack  be  3  to  8  inches  thick.  The  gravel 
pack  material  should  be  clean,  well-rounded, 
quartz  grains. 

Well  Sealing 

Often  it  is  necessary  to  protect  a  water  pro- 
ducing zone  from  contamination  by  water  from 
other  aquifers  or  from  the  surface  by  grouting 
the  well.  Grouting  is  accomplished  by  filling  the 
annular  space  around  the  casing  with  a  slurry  of 
Portland  cement,  bentonite,  perlite,  Gilsonite, 
diatomaceous  earth,  or  other  materials. 
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Well  Development 

Well  development  after  drilling  and  casing 
accomplishes  the  following:  1)  clays,  silts,  and 
fine  sands  are  removed  from  around  the  aquifer 
and  well;  2)  the  porosity  and  permeability  of  the 
formation  is  increased;  3)  material  around  the 
screens  or  perforations  is  stabilized  so  that  the 
well  yields  sand-free  water;  and,  4)  clogging  and 
compaction  of  the  formation  which  occurs  dur- 
ing drilling  is  corrected.  Table  11  lists  the  com- 
monly used  methods  for  developing  wells. 

GEOPHYSICAL  LOGGING 
METHODS 

Well  logging  is  the  recording  of  various  geo- 
physical properties  of  the  strata  (formations) 
penetrated  by  a  drill  hole.  Logging  operations 
are  performed  by  lowering  measuring  probes  or 
"sondes"  into  a  drill  hole  on  an  insulated  cable. 
The  measurements  are  recorded  at  the  surface  as 
the  sonde  is  pulled  out  of  the  hole.  The  recording 
device  at  the  surface  produces  a  graph  of  the 
borehole  versus  the  depth  of  penetration  (fig.  6). 
Depending  upon  the  nature  of  the  sonde,  a  num- 
ber of  geophysical  properties  of  the  geologic 
strata  and  itscontained  fluids  includingelectrical, 
radioactive,  and  acoustical  can  be  measured. 

Down-hole  geophysical  logging  methods  are 
well  established  techniques  in  the  petroleum  in- 
dustry for  use  in  identifying  potential  reservoir 
rocks  and  for  determining  their  porosity  and 
permeability  and  the  nature  of  fluids  present. 
From  the  standpoint  of  overburden  analysis  an 
equally  important  aspect  is  the  ability  to  identify 
rock  units  and  to  correlate  these  units  between 
wells.  Particular  rock  formations  may  yield  log 
curves  with  distinctive  patterns  (fig.  6,  7)  mak- 
ing it  possible  to  correlate  not  only  major  lith- 
ologic  (rock  type)  breaks,  but  many  points 
within  the  formations  themselves  (Telford  and 
others  1976,  p.  772).  Much  of  the  up-to-date 
methodologies  on  advancements  in  down-hole 
geological  logging  are  found  in  petroleum  related 
literature.  Geophysical  logs  have  been  run  on  a 
routine  basis  for  years  in  the  petroleum  industry 
and  are  now  being  run  on  a  more  routine  basis 
than  in  the  past  in  mining  exploration.  They 
hold  a  great  potential  for  providing  geochemical, 
geotechnical,  and  assay  data  from  noncored  drill 


holes.  The  best  results  are  obtained  when  geo- 
physical logs  can  be  calibrated  against  core  from 
a  cored  hole  (Dames  and  Moore  1975,  vol.  II,  p. 
92).  Principles  of  geophysical  well  logging  are 
discussed  in  chapter  11  of  Telford  and  others 
(1977)  and  in  chapter  13  of  LeRoy  and  others 
(1977).  The  various  methods  of  down-hole  geo- 
physical logs  commonly  used  in  the  evaluation 
of  mineral  deposits  are  reviewed  by  Scott  and 
Tibbetts  (1974).  Bond  and  others  (1971)  discuss 
the  various  well  logging  techniques  used  in  the 
coal  mining  industry  and  Tixler  and  Alger  (1  970) 
discuss  the  geophysical  log  evaluation  of  nonme- 
tallic  mineral  deposits.  Table  12  (modified  from 
Dames  and  Moore  1976)  presents  a  list  of  the 
more  common  geophysical  logging  techniques 
along  with  their  uses  and  recommended 
conditions. 

SUBSURFACE  HYDROLOGIC 
MEASUREMENTS 

The  purpose  of  subsurface  hydrologic  mea- 
surements is  to  provide  information  sufficient  to 
determine  the  quantity  of  ground  water,  direction 
and  magnitude  of  ground  water  flow,  recharge, 
and  the  relationship  between  ground  and  surface 
waters.  The  configuration  of  the  piezometric 
surface  or  water  table,  hydraulic  conductivity, 
transmissivity,  and  storage  characteristics  of 
each  aquifer  system  are  required.  Piezometric 
surface  and  water  table  data  are  determined 
from  static  ground  water  elevation  measurements 
and  the  hydraulic  coefficients  are  determined 
from  the  observation  of  the  time  rate  of  change 
of  ground  water  elevation  during  aquifer  tests. 

Water  Surface  Elevation 
Measurements 

A  permanent  reference  point,  from  which  ^ 
all  depth-to-water  measurements  are  made, 
should  be  established  at  each  well.  A  notch  in 
the  well  casing  or  other  indication  of  a  particular 
reference  point  will  suffice.  The  elevation  of 
each  reference  point  (measuring  point)  is  estab- 
lished relative  to  a  common  datum  (preferably 
mean  sea  level)  with  an  accuracy  of  at  least  0.1 
ft.  The  depth  to  water  from  the  reference  point 
is  measured  and  the  water  surface  elevation,  rela- 
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Figure  6.  Geophysical  log  curves  from  a  coal  field  exploration  drill  hole  showing  cor- 
relation between  various  rock  types  and  log  shapes  (From  Jenkins,  1969,  fig.  2,  p.  11. 
Used  by  permission  of  the  American  Institute  of  Mining,  Metallurgical  and  Petroleum 
Engineers,  Inc.). 
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Figure  7A.  Characteristics  of  SP  curves  for  vari- 
ous rock  units    (after  Telford  and  others  1976, 
p.  785). 


tive  to  the  datum,  is  determined.  These  data  are 
used  to  prepare  contour  maps  that  depict  the 
configuration  of  the  piezometric  surface  and/or 
the  water  table. 

Depth-to-water  measurements  can  be  made 
in  a  variety  of  ways  (Garber  and  Koopman  1968; 
U.S.  Department  of  the  Interior  1977).  Static 
water  levels  are  conveniently  and  accurately 
measured  with  a  chalked  steel  tape  with  a  weight 
attached.  The  lower  end  (usually  5  to  1  0  ft)  of 
the  tape  is  coated  with  chalk.  The  chalked  por- 
tion is  lowered  into  the  well  until  part  of  the 
chalked  portion  is  wetted  by  the  water  standing 
in  the  well.  The  wetted  portion  changes  shade, 
permitting  the  investigator  to  determine  the  dis- 
tance between  the  reference  point  and  the  water 
level.  The  depth-to-water  can  be  read  to  a  pre- 
cision of  0.01  ft.  Accuracy  of  the  depth-to-water 
will  depend  upon  the  degree  to  which  the  tape 
hangs  plumb  from  the  reference  point,  the  tem- 
perature relative  to  the  tape's  calibration  tem- 
perature and  other  factors. 

The  necessity  for  withdrawing  the  tape 
from  the  well  for  each  determination  creates  a 
serious  disadvantage  when  several  measurements 
must  be  made  over  small  time  intervals  as  in  the 


case  of  aquifer  testing.  An  electrical  or  acoustical 
sounder  does  not  have  this  disadvantage.  An 
electrical  sounder  consists  of  a  spool  of  length- 
calibrated,  insulated  electrical  cable,  a  water  level 
sensor,  an  indicator  meter,  and  a  battery.  Upon 
contact  with  the  water  surface,  an  electrical  cir- 
cuit is  completed  which  causes  the  meter  to  de- 
flect. The  operator  raises  and  lowers  the  probe 
slightly  to  find  the  exact  point  of  contact  with 
the  water  surface.  The  cable  is  usually  calibrated 
in  5  ft  intervals  and  interpolation  between 
markers  with  a  measuring  tape  is  required.  A 
precision  of  0.01  ft  can  be  achieved  with  practice. 
Accuracy  is  substantially  affected  by  kinking  of 
the  cable  and  frequent  calibration  with  a  steel 
surveyor's  tape  is  recommended. 

The  acoustical  sounder  consists  of  a  steel 
tape  with  a  resonator  attached  to  the  lower  end. 
The  resonator  is  usually  a  hollow  cylinder  about 
2  inches  long  and  3/4  inch  in  diameter,  capped 
on  the  upper  end.  The  resonator  makes  a  dripping 
or  popping  noise  when  contact  is  made  and 


Gamma  log       —  + 


Figure  7B.  Typical  gamma  ray  log  curve  for  var- 
ious rock  units  (after  Telford  and  others  1976, 
p.  793). 
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Table  12.  —  Standard  down-hole  geophysical  logging  methods  (modified  after  Dames 
and  Moore,  vol.  II,  1976,  p.  11-94  and  11-95) 


Method 


Uses 


Recommended  conditions 


Electric  logging: 

Sinj^le  I'Icc  trodi'  rcsislanc  c 


Short  normal  lelectrode 
spacing  of  1  6  inches) 


Deep  lateral  (electrode 
spacing  approximately  1 9 
inches) 


Limestone  sonde  (electrode 
spacing  of  32  inches) 

Laterlog 


Neutron 


Density 


Induction  logging 


Microlog 


Microlaterlog 


Spontaneous  potential 


Radiation  logging: 
Gamma  ray 


Determmmgdepth  and  thickness  of  thin  beds,  identification 
of  rocks,  provided  general  lithologic  information  is  available. 
Correlation  of  geologic  formations  or  beds.  Determining 
casing  depths. 

Pit  king  tops  of  ri'sistivi'  beds.  Di'termining  resistivity  of  the 
invaded  zone.  Estimating  porosity  of  formations  (deeply 
invaded  and  thick  interval).  Correlation  and  identification  of 
geologic  formations  provided  general  lithologic  inform, ition 
is  available. 

Determining  true  resistivity  v^'here  mud  invasion  is  relatively 
deep.  Locating  thin  beds. 


Detecting  permeable  zones  and  determining  porosity  in 
hard  rock.  Determining  formation  factor  in  sites. 

Investigating  true  resistivity  of  thin  beds.  Used  in  hard 
formations  drilled  with  very  salty  muds.  Correlation  of 
formations,  especially  in  hard  rock  regions. 

Delineating  formations  and  correlation  in  dry  or  in  cased 
holes.  Qualitative  determination  of  shales,  tight  formations, 
and  porous  sections  in  cased  wells.  Determining  porosity 
and  water  content  of  formations,  especiallv  those  of  low 
porosity.  Distinguishing  between  water  or  oil-filled  or  gas- 
filled  reservoirs.  Combined  with  gamma-ray  log  for  better 
determination  of  lithology  (rock  type)  and  correlation  of 
formations.  Indicates  cased  inten/als.  Logging  in  oil-based 
muds. 

Used  as  a  porosity  logging  tool.  Other  uses  include  identifi- 
cation of  minerals  in  evaporite  deposits,  detection  of  gas, 
determination  of  hydrocarbon  density,  evaluation  of  shaly 
sands  and  complex  lithologies,  and  detecting  grout. 

Determining  true  resistivity,  particularly  for  thin  beds  (down 
to  about  2  ft  thick'  in  wells  drilled  with  comparatively  fresh 
mud.  Determining  resistivity  of  formations  in  dry  holes. 
Logging  in  oil-  based  muds.  Defining  lithology  and  bed 
boundaries  in  hard  formations.  Detection  of  water  bearing 
beds. 

Determining  permeable  beds  in  hard  or  well  consolidated 
formations.  Detailing  beds  in  moderately  consolidated  for- 
mations. Correlation  in  hard  rock  regions.  Determining 
formation  factor  in  sites  in  soft  or  moderately  (  onsolidated 
formations.  Detailing  very  thin  beds. 

Determining  detailed  resistivity  of  flushi>d  formation  at  wall 
of  hole  when  mudcake  thickness  is  less  than  Va  inches  in  all 
formations.  Determining  formation  factor  and  porosity. 
Correlation  of  very  thin  beds. 

Helps  delineate  boundaries  of  formation  and  the  nature  of 
these  formations.  Determine  values  of  formation-water  re- 
sistivity. Qualitative  indications  of  bed  shaliness. 

Differentiating  shale,  clay,  and  marl  from  other  formations. 
Correlation  of  formations.  Measurement  of  inherent  radio- 
activity in  formations.  Checking  formation  depths  and  thick- 
ness with  reference  to  casing  collars  before  perforating 
casing.  For  shale  differentiation  when  holes  contain  very 
salty  mud.  Radioactive  tracer  studies.  Logging  dry  or  cased 
holes.  Locating  cemented  or  cased  intervals.  Logging  in  oil- 
based  muds.  Locating  radioactive  ores.  In  combination  with 
electric  logs  for  locating  coal  or  lignite  beds. 


Fluid-filled  uncased  hole.  Fresh  mud  required. 
FHole  diameter  less  than  8  to  10  inches. 


Fluid-filled  unc  asi'd  hole.  Ratio  of  mud  resistivity  to 
formation  -  water  resistivity  should  be  0.2  to  4. 


Fluid-filled  uncased  holes.  Fresh  mud.  Formations 
(rock  units)  should  be  of  thickness  different  than 
electrode  spacing  and  should  be  free  of  thin 
limestone  beds. 

Fluid-filled  uncased  hole.  May  be  salty  mud.  Uni- 
form hole  size.  Beds  thicker  than  5  ft. 

Fluid-filled  uncased  hole.  Salty  mud  satisfactory. 
Mud  invasion  not  too  deep. 


Fluid-filled  or  dry  cased  or  uncased  hole.  For- 
mations relatively  free  from  shaly  material.  Diam- 
eter less  than  6  inches  for  dry  holes.  FHole  diameter 
similar  throughout. 


Fluid-filled  or  dr\  uncased  hole. 


Fluid-filled  or  dry  uncased  hole.  Fluid  should  not 
be  too  salty. 


Fluid-filled  uncased  hole.  Bit-size  holes  (caved 
portions  of  hole  only  logged  if  enlargements  are 

not  great). 


Fluid-filled  uncased  hole.  Thin  mudcake.  S.ilty  mud 
permitted. 


Fluid-filled  uncased  hole.  Fresh  mud. 


Fluid-filled  or  dry  cased  or  uncased  hole.  Should 
have  appreciable  contrast  in  radioactivity  between 
adjacent  formations. 
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Table  12.  -  (Continued) 


Method 


Uses 


Recommended  conditions 


Sonic  logging 


Logging  acoustic  ^  elocitv  for  seismic  interpretation.  Correla- 
tion and  identification  of  litholog\-.  Reliable  indication  of 
porosity  in  moderate  to  hard  formations,  in  soft  formations 
of  high  porosit\  It  IS  more  responsive  to  the  native  rather  than 
the  quantit\  of  fluids  contained  in  pores. 


Not  affected  materially  b\  the  tvpe  of  fluid,  hole 
size,  or  mud  invasion. 


Temperature  logging 


Locating  approximate  position  of  cement  behind  casing. 
Determining  thermal  gradients  Locating  depth  of  lost  circu- 
lation. Locating  active  gas  flow.  Used  m  c  hecking  depth  and 
thickness  of  aquifers.  Locating  fissures  and  solution  open- 
ings in  open  holes  and  leaks  or  perforated  sec  lions  in  cased 
holes.  Reciprocal-gradient  temperature  log  may  be  more 
Useful  in  correlation  work. 


Cased  or  uncased  hole.  Can  be  used  in  emply  hole 
if  logged  at  very  slow  speed,  but  fluid  preferred. 
Fluid  should  be  undisturbed  (no  circulation)  for  6 
to  1 2  hours  minimum  before  logging:  possibly 
several  days  may  be  required  to  reach  thermal 
equilibrium. 


Loiatmg  point  of  entry  of  different  quality  water  through 
leaks  or  perforations  m  casing  or  opening  in  rock  hole. 
Determining  quality  of  fluid  in  hole  for  improved  interpre- 
tation of  electric  logs.  Determining  fresh-water-salt-water 
interface. 


Fluid  required  in  cased  or  uncased  hole.  Tempera- 
ture log  required  for  quantitative  information. 


Fluid-velocity  logging 


Locatingzonesofwaterentryintohole.  Determining  relative     Fluid-filled  cased  or  uniased  hole.  Flange  or  packer 


Casing-collar  locator 


Cement  bond  logging 


Caliper  (section  gage)  survey 


quantities  of  water  flow  into  orout  of  these  zones.  Determin- 
ing direction  of  flow  up  or  down  in  sections  of  hole.  Locating 
leaks  in  casing.  Determining  approximate  permeabilitv  of 
lithologic  sections  penetrated  bv  hole  or  perforated  section 
of  ( asing. 

Locating  position  of  casing  collars  and  shoes  for  depth 
control  during  perforating.  Determining  accurate  depth 

reference  for  use  with  other  tvpes  of  logs. 

LJsed  to  assess  the  qualit\-  of  the  cement-to-using  bond 
around  a  (  emented  casing. 

Determining  hole  or  casing  diameter.  Indicates  lithologic 
character  of  formations  and  coherency  of  rocks  penetrated. 
Locating  fractures,  solution  openings,  and  other  activities. 
Correlation  of  formations.  Selection  of  zone  to  set  a  packer. 
Used  in  quantitative  interpretation  of  electric,  temperature, 
and  radiation  logs.  Used  with  fluid-velocity  logs  to  deter- 
mine quantities  of  flow.  Determining  diameters  of  under- 
reamed  sections  for  placement  of  gravel  pack.  Determining 
diameter  of  hole  for  use  in  c  omputing  volume  of  cement  to 
seal  annudar  space.  Evaluating  the  efficienc\  of  explosive 
development  of  rock  wells.  Determining  construction  infor- 
mation on  abandoned  wells. 


units  required  in  large  diameter  hole.  Caliper  log 
required  for  quantitative  interpretation.  Injection, 
pumping,  flowing,  or  static  surface  conditions. 


Cased  hole. 


Cased  hole. 


Fluid-filled  or  dry'  cased  or  uncased  hole.  Does  not 
give  information  on  beds  behind  c  asing  in  a  cased 
hole. 


Dipmeter  survey 


Directional  (inclinometer) 
survey 


Magnetic  logging 


Determining  dip  angle  and  dip  direction  (from  magnetic 
northi  of  a  bedding  plane  in  relation  to  the  well  axis.  A 
comprehensive  study  of  comi^uted  data  from  a  dipmeter 
survey  makes  possible  the  identification  of  faults,  uncon- 
formities, cross  bedding,  sand  bars,  reefs,  channels,  deform- 
ation around  salt  domes,  and  other  structural  anomalies. 

Locating  points  on  a  hole  to  determine  deviation  from  the 
vertical.  Determining  true  depth.  Determining  possible 
mechanic. il  difficulty  forcasing  installation  or  pump  operation. 
Used  in  determining  true  dip  and  strike  from  dipmeter 
survey. 

Determining  magnetic  field  intensity  in  borehole  and  mag- 
netic suscc>plibilitv  of  rocks  surrounding  hole.  Studying 
litholog\  and  correlation,  especially  in  igneous  rocks. 


Fluid-filled  uncased  hole.  Directional  survey  (see 
belowl  required  for  determination  of  true  dip  and 
strike  (generally  obtained  simultaneously  with 
dipmeter  curves). 


Fluid-filled  or  dry  um  ased  hole. 


Fluid-filled  or  drv  uncased  hole. 
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broken  with  the  water  surface  in  the  well.  The 
precision  of  this  method  is  about  0.02  ft.  The 
accuracy  is  affected  by  factors  previously  noted. 
This  method  will  not  be  suitable  when  pump  or 
other  noise  is  sufficient  to  mask  the  sound  of 
the  resonator. 

In  cases  where  the  piezometric  surface  el- 
evation is  above  the  top  of  the  well  casing,  the 
well  is  equipped  with  a  cap  that  is  drilled  and 
tapped  in  a  way  suitable  for  attachment  of  a 
pressure  gage  or  mercury  manometer.  The  read- 
ings from  the  pressure  gage  or  manometer  are 
converted  to  water  pressure  head  and  added  to 
the  elevation  of  the  measuring  point  to  deter- 
mine the  piezometric  surface  elevation. 

None  of  the  above  described  methods  are 
suitable  for  continuous  (or  nearly  continuous) 
measurements  of  water  levels.  Continuous  water 
level  records  are  useful  for  correlation  of  water 
level  changes  with  precipitation  and  barometric 
pressure  changes.  Continuous  water  level  meas- 
urements are  usually  made  by  attaching  a  float 
and  a  weight  to  opposite  ends  of  a  beaded  cable. 
The  cable  is  suspended  over  a  pulley  attached  to 
a  drum.  As  the  float  elevation  changes  in  response 
to  water  level  fluctuations,  the  drum  is  rotated. 
The  rotation  of  the  drum  is  recorded  by  an  ink 
trace  on  coordinate  paper  wrapped  about  the 
drum.  The  ink  marker  is  driven  laterally  along 
the  drum  with  time  by  a  spring  or  battery 
powered  clock.  A  record  of  the  depth-to-water 
over  time  is  produced.  Continuous  water  level 
recorders  are  produced  commercially  ;the  Stevens 
Type  F  recorder  is  one  example.  Independent 
measurements  of  the  water  level  should  be  re- 
corded on  the  chart  each  time  the  chart  is 
changed  to  insure  an  accurate  starting  point  for 
each  chart. 

Hydraulic  Coefficients  of  Aquifers 

Essentially  all  quantitative  studies  of 
ground  water  require  the  determination  of  the 
capacity  of  the  water  bearing  materials  to  store 
and  transmit  water.  In  confined  (artesian)  aqui- 
fers the  capacity  to  store  water  is  characterized 
by  the  storage  coefficient  defined  as  the  volume 
of  water  released  from  storage  from  a  column  of 
aquifer  of  unit  cross-sectional  area  and  length 
equal  to  the  aquifer  thickness  when  the  piezo- 


metric head  is  reduced  by  one  unit  (McWhorter 
and  Sunada  1977).  The  storage  coefficient  is  a 
dimensionless  number  and  usually  is  in  the  range 

of  10  to  10  .  The  storage  coefficient  for  coal 
and  overburden  aquifers  in  Colorado,  Montana, 

and  Wyoming  is  often  about  10'^. 

In  unconfined  (water  table)  aquifers  the  ca- 
pacity to  store  water  is  characterized  by  the  ap- 
parent specific  yield,  defined  as  the  ratio  of  the 
volume  of  water  added  or  removed  directly  from 
the  saturated  aquifer  to  the  resulting  change  in 
the  volume  of  saturated  aquifer  (McWhorter  and 
Sunada  1977).  The  apparent  specific  yield  is  di- 
mensionless and  usually  is  in  the  range  of  0.05 
to  0.3. 

Hydraulic  conductivity  (also  known  as 
permeability)  is  the  coefficient  in  Darcy's  law 
that  relates  the  discharge  per  unit  area  in  a  par- 
ticular direction  to  the  rate  of  change  of  piezo- 
metric head  with  respect  to  distance  measured  in 
that  direction.  When  the  hydraulic  conductivity 
is  multiplied  by  the  thickness  of  the  aquifer,  the 
resulting  coefficient  is  called  transmissivity . 

A  large  number  of  field  tests  have  been  de- 
vised for  the  determination  of  the  hydraulic  co- 
efficients. The  basic  idea  behind  all  such  tests  is 
to  create  a  flow  in  the  aquifer  that  can  be  de- 
scribed mathematically,  to  measure  one  or  more 
aquifer  responses  to  the  created  flow,  and  to  de- 
termine the  hydraulic  coefficients  by  fitting  or 
matching  the  measured  response  to  the  theoret- 
ical response. 

Field  tests  vary  tremendously  in  regard  to 
expense,  time,  and  data  provided.  One  of  the 
most  important  determinants  of  expense  is  num- 
ber of  observation  wells  required  for  the  test. 
For  example,  tests  conducted  on  an  individual 
drill  hole  are  less  expensive  than  full  scale  aquifer 
tests  that  require  at  least  one  additional  well  for 
the  observation  of  aquifer  response.  Nearly  al- 
ways, there  is  a  trade-off  between  the  expense  of 
the  test  and  quantity  and  quality  of  information 
obtained. 

Table  13  is  a  summary  of  sLveral  available 
test  methods  that  can  be  used  tc|  determine  the 
hydraulic  coefficients  of  aquifers.  A  brief  de- 
scription of  the  actual  procedures  to  be  followed 
for  each  test  are  contained  in  the  following  para- 
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Table  13.  —  Summary  of  aquifer  test  methods 


T    X        r.  ^  »i  •    _i        Parameters  ^ 

Test       Reference  Major  items  reqmred         obtained  Comments 


Pumping  McVVhorter  and 

Sunada  1977;  U.S. 
Department  of  the 
Interior  1977;  Stall- 
man  1971;  Walton 
1962;  Ferris  and 
Knowles,  1963;  Fer- 
ris and  others  1962. 


\^ininium  of  one  obser\ation 
well  and  preferably  four  or 
more;  pump;  power  source; 
winch;  tripod,  mast  or  boom; 
discharge  measuring  device; 
stop  watch:  water  level 
sounder. 


T, K,S  Yields  parameter  \ alues  averaged  over  a  relati\ el\ 
large  aquifer  \olume;  most  commonl\  used  \\ hen 
accuracy  and  reliabilitx-  is  of  high  priority;  best 
results  in  aquifers  with  good  continuih'  and  permea- 
bility provided  by  inter-granular  flow  channels;  can 
provide  evidence  of  leakage  through  aquitards, 
directional  permeabilit>',  and  the  presence  of  hydro- 
geologic  boundaries.  Relatively  expensive,  doesn't 
work  well  in  ver\'  tight  aquifers,  requires  a  power 
source. 


Draw-  Walton  1970;  U.S. 

down/  Department  of  the 

specific  Interior  1977. 
capacity 


Recovery  Same  as  for 
pumping  test. 


Pressure  U.S.  Department 
pump-in  of  the  Interiorl  977 


Same  as  above,  but  no 
observation  wells  are  required. 


Same  as  for  drawdown/ 
specific  capacity. 


Inflatable  or  compression  pack- 
ers; pump;  power  source;  pres- 
sure gages;  stop  watch;  in-line 
discharge  measuring  device; 
storage  capacity  and  source 
for  water. 


T,  K  Yields  only  rough  estimates  of  T  and/or  K;  storage 
coefficient  or  apparent  specific  yield  must  be 
estimated  independently;  conditions  immediateK' 
adjacent  to  the  well  bore,  well  losses,  etc.,  substan- 
tially effect  results;  in  tight  aquifers  the  effects  of 
well-bore  storage  may  be  highly  important.  Rela- 
tively inexpensive;  most  useful  in  reconnaissance 
investigations. 

T, K,S  Recovery  should  always  be  monitored  following  a 
drawdown/specific  capacitv  test;  usualK' vields 
more  reliable  values  fori  and  K  than  the  draw  down/ 
specific  capacity  test;  has  the  additional  ad\  antage 
of  providing  an  estimate  of  storage  coefficient  or 
apparent  specific  yield;  because  the  rate  of  recov- 
ery is  dependent  upon  the  preceeding  pumping 
rate  the  results  are  effected  by  well-bore  storage. 
Minimum  expense  in  addition  to  that  incurred 
duringthepumping  period  and  proxides  addition- 
al and  more  reliable  information  than  the  drawdown/ 
specific  capacity  test. 

T,K  UsualK' conducted  during  exploration  orreconnais- 
sance  investigations;  permits  determination  of  T 
and  Kin  different  intervals  along  the  well  bore;  can 
be  used  above  or  below  the  water  table  or  water 
level  in  the  well;  works  best  in  consolidated  aqui- 
fers or  perforated  well  casing.  Relatively  expensive 
because  it  is  usually  conducted  during  the  drilling 
operations  using  the  contractors  rig  and  equipment. 


Slug/        McWhorter  and 
falling      Sunada  1977;  U.S. 
head        Department  of  the 
lnterior1977;  Ferris 
and  Knowles  1963; 
Kvorslev  1951; 
Papadopulos  and 
others  1967; 
Bouwer  1978. 


Equipment  required  depends 
upon  the  manner  in  which  the 
slug  is  added  or  removed. 
Pump  may  be  used  but  is 
not  required. 


T,K  One  of  the  simplestand  least  expensive  of  all  tests; 
does  not  require  a  power  source;  yields  values 
acceptably  accurate  for  most  purposes;  analysis 
procedures  available  that  account  for  aquifer  stor- 
age only,  well-bore  storage  only,  or  both.  Appli- 
cable in  both  confined  and  unconfined  aquifers. 


Auger      Boast  and  Small  pump  or  bail;  stop  watch; 

hole        Kirkham  1971.  float. 


Applicable  in  cases  of  unconfined  aquifers  when 
the  water  table  is  within  a  few  feet  of  ground 
surface;  inexpensive,  rapid,  reliable. 


T  =  transmissivity; 

K  =  hydraulic  conductivity; 

S  =  storage  coefficient  or  specific  yield. 
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graphs.  Data  analysis  procedures  are  discussed  in 
a  subsequent  section  of  the  handbook. 

Regardless  of  the  type  of  test  selected,  the 
holes  must  be  properly  conditioned  to  insure  a 
free  transfer  of  water  to  and  from  the  aquifer. 
This  is  usually  accomplished  by  surging,  pump- 
ing, bailing,  wall  scratchers,  or  some  combination 
of  these  procedures.  The  importance  of  these 
operations  cannot  be  over  emphasized. 


Pumping  Test 

A  pumping  test  is  conducted  by  measuring 
the  water  level  drawdown  in  the  pumped  well 
and  one  or  more  observation  wells  in  response  to 
pumping  at  a  constant  and  measured  rate.  All 
well  construction  data  should  be  known  in  detail. 
Pumped  water  must  be  disposed  of  so  that  it 
does  not  recharge  the  aquifer  during  the  test. 
The  duration  of  the  test  can  range  from  a  few 
hours  to  several  days.  Long  test  periods  usually 
provide  better  results  but  are  more  expensive. 

Observation  well  location  is  important,  and 
the  projected  duration  of  the  test,  probable 
aquifer  properties,  and  whether  or  not  the 
pumped  well  is  fully  penetrating  should  be  con- 
sidered in  the  selection  of  well  spacing.  In  most 
coal  and  overburden  aquifers  in  the  Rocky 
Mountain  region,  transmissivities  are  small  and 
the  cone  of  drawdown  does  not  expand  rapidly. 
Estimates  of  the  time  rate  of  expansion  of  the 
drawdown  cone  can  be  made  by  procedures  out- 
lined by  McWhorter  and  Sunada  (1977).  Rough 
estimates  of  pumping  rate,  transmissivity ,  and 
storage  coefficient  are  required.  In  very  tight 
aquifers,  at  least  one  well  should  be  within  ap- 
proximately 50  ft  of  the  pumped  well  to  insure 
measurable  drawdowns  within  a  test  period  of  a 
few  hours.  Highly  heterogeneous  overburden 
caused  by  highly  variable  and  discontinuous 
strata  also  dictate  close  spacing  of  the  observa- 
tion wells.  The  observation  wells  should  be  open 
for  flow  only  in  the  stratagraphic  interval  being 
tested.  When  several  observation  wells  are  to  be 
used,  one-half  of  the  total  number  should  be  lo- 
cated on  a  line  passing  through  the  pumped  well 
and  the  remainder  on  a  similar  line  at  right  angles 
to  the  first.  This  procedure  may  permit  detection 
of  directional  permeability,  for  example. 


The  above  described  pumping  test  has  been 
used  widely  for  estimation  of  transmissivity  and 
storage  coefficient  of  aquifers  supplying  water 
to  industry,  agriculture,  and  municipalities.  The 
pumping  test  becomes  less  suitable  for  aquifers 
that  exhibit  low  transmissivities,  highly  variable 
and  discontinuous  stratigraphy,  and  fracture 
porosity  and  permeability.  Unfortunately,  many 
coal  and  overburden  aquifers  in  the  Rocky 
Mountain  region  exhibit  all  of  these  characteris- 
tics, and  evenly,  properly  planned  tests  have 
sometimes  failed  to  provide  data  sufficient  to 
justify  the  expense  of  such  elaborate  tests. 

Drawdown/Specific  Capacity  Test 

This  test  is  conducted  by  measuring  the 
drawdown  in  the  pumped  well  during  the 
pumping  period.  The  pump  discharge  must  be 
maintained  as  nearly  constant  as  possible.  Ideally, 
the  measured  drawdowns  can  be  analyzed  to 
provide  estimates  of  transmissivity  and  storage 
coefficient.  Usually  it  is  possible  to  estimate 
only  transmissivity,  however,  and  this  should  be 
regarded  as  only  a  rough  estimate. 

In  very  tight  aquifers,  a  very  small  discharge 
can  be  supplied  by  the  aquifer  and  difficulty 
with  adjusting  the  pump  discharge  to  a  suitable 
low  value  is  often  experienced.  Often,  a  substan- 
tial portion  of  the  constant  pump  discharge  is 
supplied  by  the  water  standing  in  the  well,  the 
remainder  being  contributed  by  inflow  from  the 
aquifer.  Measurements  of  the  water  level  in  the 
well  can  be  used  to  determine  the  contribution 
from  wellbore  storage  and  the  pump  discharge 
can  be  corrected  to  obtain  the  aquifer  discharge. 
A  good  deal  of  inaccuracy  is  usually  involved. 

Recovery  Test 

The  recovery  test  provides  estimates  of  the 
aquifer  properties  by  measuring  the  recovery 
rate  of  water  levels  in  the  pumped  well  after 
pumping  has  ceased.  It  is  especially  useful  when 
conditions  do  not  permit  the  construction  of  ob- 
servation wells.  More  precise  data  can  be  obtained 
during  recovery  than  during  the  pumping  period 
because  water  in  the  well  is  not  disturbed  by  the 
pump.  Total  pumping  time,  average  discharge 
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rate  from  the  aquifer,  and  the  water  level  at  var- 
ious times  since  pumping  ceased  are  measured. 
Estimates  of  both  transmissivity  and  storage  co- 
efficient are  obtained. 

In  the  study  of  ground  water  at  prospective 
surface  mining  sites,  the  recovery  test  has  been 
found  to  be  one  of  the  best  tests  when  the  infor- 
mation obtained  and  costs  are  compared  with 
other  methods. 


Pressure  Pump-In  Test 

There  exist  several  variations  of  this  test 
method.  One  variation  is  to  terminate  the  drilled 
hole  at  the  bottom  of  an  interval  to  be  tested. 
The  drill  tools  are  removed  and  a  packer  is  set  at 
a  given  distance  above  the  bottom  of  the  hole. 
Water  is  pumped  into  the  test  section  between 
this  packer  and  the  bottom  of  the  well  and  the 
flow  rate  and  injection  pressures  are  recorded 
over  a  period  of  time.  These  data,  together  with 
detailed  data  on  depths,  test  interval,  pipe  sizes, 
etc.,  permit  the  estimation  of  the  average  hy- 
draulic conductivity  and  transmissivity  over  the 
test  interval.  The  packer  is  then  removed,  the 
hole  deepened,  and  the  test  repeated  as  desired. 
Another  variation  is  to  drill  the  hole  to  total 
depth  and  use  straddle  packers  to  isolate  intervals 
of  interest  for  testing.  The  test  is  started  at  the 
bottom  of  the  hole. 

The  pressure  pump-in  test  has  been  used 
extensively  for  foundation  investigations  associ- 
ated with  reservoirs,  conveyance  facilities,  and 
other  construction  projects.  The  method  has 
also  proven  useful  in  hydrologic  investigations, 
however. 


Slug! Falling  Head  Test 

Briefly,  the  water  level  in  the  well  is  changed 
instantaneously  by  the  rapid  withdrawal  or  dis- 
placement of  a  volume  of  water.  The  water  level 
recovery  in  the  well  is  measured  with  respect  to 
time.  Slug  tests  are  an  economic  means  of  deter- 
mining local  transmissivities  near  the  well.  In 
some  types  of  ground  water  investigations  (tight 
aquifers),  a  large  number  of  "point"  transmis- 
sivities are  of  more  value  than  a  single  value  of 


transmissivity  obtained  from  a  long-term  pump- 
ing test  of  equal  cost  (Papadopulos  and  others 
1973).  Slug  tests  can  also  be  an  indicator  of  the 
effectiveness  of  well  development.  In  a  properly 
developed  well,  the  slug  test  transmissivity  should 
be  greater  than  the  long  term  pump  test  trans- 
missivity (Papadolulos  and  others  1973). 

The  following  considerations  should  be 
made  prior  to  conducting  a  slug  test  (adapted 
from  Cooper  and  others  1967): 

1 .  Wells  should  be  fully  developed,  that  is, 
surged  and  pumped  thoroughly  to  establish  a 
good  transfer  of  water  between  the  well  and 
aquifer. 

2.  Wells  should  completely  penetrate  the 
aquifer. 

3.  Well  construction  data  should  be  known 
in  detail. 

4.  Provisions  must  be  made  to  quickly  re- 
move a  known  volume  of  water  (by  bailer)  or 
quickly  displace  the  water  with  a  "slug".  A  con- 
venient displacement  slug  is  a  length  of  weighted 
water  pipe  sealed  at  both  ends  (a  3-inch  diameter, 
10-ft  long  pipe  displaces  a  volume  of  about 

0.49  ft^). 

The  slug  test  proceeds  as  follows: 

1.  Quickly  immerse  the  slug  or  remove  a 
known  volume  of  water  from  the  well. 

2.  Record  the  time  when  the  slug  is  im- 
mersed. 

3.  Record  the  water  levels  and  elapsed 

time. 

4.  Make  water  level  readings  at  1  or  2 
minute  intervals  for  the  first  several  minutes  of 
the  test  and  gradually  increase  intervals  to  10-20 
minutes  after  1  hour.  Half-hour  intervals  are 
usually  sufficient  after  2  or  3  hours. 

The  falling  head  test  is  essentially  the  same 
as  described  above.  One  variation  is  to  set  a 
packer  above  the  zone  to  be  tested.  The  head  is 
increased  by  adding  a  known  volume  of  water  to 
the  stinger  pipe  extending  through  the  packer. 
The  dissipation  of  the  head  is  monitored  by 
measuring  the  water  level  in  the  pipe. 
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A  uger  Hole  Test 

This  test  is  useful  only  when  the  water  table 
is  within  a  few  feet  of  the  ground  surface.  A 
hole  is  augered  to  a  depth  that  insures  the  bottom 
of  the  hole  is  a  few  feet  below  the  water  table.  A 
perforated  casing  is  required  in  materials  that 
tend  to  cave  and  bridge  the  hole.  After  the  hole 
is  cleaned  and  the  water  level  stabilized,  the  hole 
is  pumped  or  bailed  dry  as  quickly  as  possible. 
The  water  level  recovery  is  measured  as  a  function 
of  time,  usually  by  means  of  a  float.  The  hole 
depth,  hole  diameter,  depth  to  the  water  table, 
and  certain  geologic  information  permit  the  esti- 
mation of  hydraulic  conductivity.  This  test  is 
most  useful  in  shallow  water  table  aquifers  asso- 
ciated with  streams  or  in  perched  aquifers. 

The  above  descriptions  are  provided  to  give 
the  reader,  unfamiliar  with  such  tests,  sufficient 
insight  to  decide  what  test  or  tests  may  be  suit- 
able for  a  particular  problem  given  a  set  of  fi- 
nancial, time,  and  equipment  constraints.  The 
references  provided  in  table  13  should  be  con- 
sulted for  additional  details. 

Laboratory  and 
Greenhouse  Studies 

SOILS  AND  GEOLOGIC 
OVERBURDEN  CHARACTERIZATION 

Stratigraphic  Framework 

Core  Descriptions  —  Litiio logic  Logs 

Continuous  cores  or  rock  chips  and  cuttings 
from  bore  holes  that  penetrate  the  overburden 
should  be  described  and  lithologic  logs  prepared 
by  qualified  geologists  or  soil  scientists.  Drillers 
logs  of  each  borehole  may  be  available;  however, 
reliance  should  not  be  placed  on  these  as  satis- 
factory core  descriptions,  information  contained 
in  these  lithologic  logs  should  include  at  a  min- 
imum: project  number,  core  hole  location,  core 
hole  number,  depth  from  the  surface,  rock  name, 
color,  texture,  accessory  constituents  (gypsum, 


pyrite,  iron  oxide,  calcite,  etc.),  percentage  of 
lost  core  or  intervals  of  lost  or  broken  core,  in- 
ducation,  and  general  descriptions  of  each  rock 
unit.  A  simple  lithologic  log  used  for  description 
of  cores  for  the  SEAM  study  site  in  the  Powder 
River  Basin  is  included  (fig.  8).  Most  mining 
companies  have  standard  formats  for  core  logs. 
These  formats  will  vary  from  company  to  com- 
pany. Recently,  several  computer  oriented  for- 
mats have  come  into  use  (Blachet  and  Godwin 
1972;  Eckstrom,  Wirstam,  and  Larsson  1975; 
Godwin  and  others  1  977;  Chun  1 978; Winczewski 
1978;  Melton  and  Frem  1978;Lehmann  1978; 
Winczewski  1 979  a,  b).  With  these  methods  much 
of  the  logged  data  can  be  processed  by  computers 
and  graphically  displayed  in  a  standard  format. 

A  color  photographic  or  color  slide  record 
of  all  cores  should  be  made  as  a  permanent  record 
of  the  cores  as  soon  as  possible  after  core  re- 
covery (fig.  9).  Samples  from  continuous  cores 
or  cutting  should  be  taken  for  detailed  laboratory 
studies  of  mineralogy,  texture,  and  geochemistry 
of  each  major  rock  unit  encountered  as  discussed 
in  the  section  prior  to  this.  Core  samples  may  also 
be  required  for  geotechnical  data  such  as  the 
strength  of  intact  rock,  discontinuities,  hardness 
and  abrasion,  blastability,  rippability,  and  general 
visual  assessment  of  likely  engineering  behavior 
of  the  materials  (Dames  and  Moore,  vol.  11, 
1976).  Most  of  this  type  of  information  can 
only  be  obtained  from  cores,  whereas  it  is  pos- 
sible to  obtain  some  stratigraphic  data  from  cut- 
tings alone. 

Stratigraphic  Studies 

Definition  and  importance.  —  Stratigraphy 
is  that  branch  of  geology  that  deals  with  the 
study  and  interpretation  of  stratified  and  sedi- 
mentary rocks  and  with  the  identification,  de- 
scription, sequence  (both  vertical  and  horizontal), 
mapping,  and  correlation  of  stratigraphic  rock 
units  (Weller  1960).  Stratigraphic  sequences 
range  from  simple,  where  rock  units  underlying 
an  area  are  uniform  in  thickness  and  character, 
to  very  complex,  because  of  lateral  changes  in 
rock  type,  thickness,  presence  of  unconformities, 
and/or  intense  structural  implications.  An  under- 
standing of  the  stratigraphic  framework  of  the 
overburden  is  of  fundamental  importance  to  the 
design  of  open  pit  mines,  the  handling  of  unde- 
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Figure  9.  Core  from  SEAM  study  site.  Powder 
River  Basin,  Wyoming. 

sirable  and/or  toxic  materials,  the  design  of 
reclamation  plans,  and  the  understanding  of 
ground  water  flow  patterns. 

Methods.  —  Determining  the  stratigraphic 
frameworl<  of  the  overburden  can  be  accom- 
plished by  evaluation  and  correlation  of  some 
combination  of  the  following  down-the-hole 
records  of  overburden  material:  geophysical  logs, 
drill  hole  cuttings,  and  continuous  cores.  The 
stratigraphic  framework  cannot  be  determined 
on  the  basis  of  geophysical  logs  alone.  In  areas 
where  no  drill  hole  cuttings  or  cores  are  available, 
outcrop  and/or  highwall  descriptions  will  provide 
information  for  determining  the  stratigraphic 
framework  of  the  overburden.  Examination  of 
core  or  cutting  data  in  the  field  or  laboratory 
provides  direct  information  concerning  the  phys- 
ical characteristics  of  the  overburden  and  pro- 
vides the  basis  for  interpretation  of  geophysical 
logs.  Once  the  relation  between  geophysical  log 


patterns  and  lithologies  has  been  substantiated, 
the  logs  become  more  dependable  tools  for 
interpreting  overburden  lithologies. 

When  all  the  information  from  cores,  cut- 
tings, and/or  geophysical  logs  is  assembled,  the 
thickness,  elevation,  distribution,  geometry,  and 
variability  of  the  overburden  and  various  rock 
units  within  the  overburden  can  be  portrayed  by 
some  combination  of  the  following  visual  tech- 
niques: isopach  maps,  cross-sections,  fence  dia- 
grams, and  structural  contour  maps. 

An  isopach  map  isa  map  in  which  the  shape 
(distribution,  thickness)  of  a  body  (a  rock  unit) 
is  indicated  by  lines  drawn  through  points  of 
equal  thickness.  The  lines  are  analogous  to  con- 
tour lines  but  represent  thickness  rather  than 
elevations  or  altitude.  A  typical  isopach  map  is 
shown  in  fig.  10.  Isopach  maps  are  useful  not 
only  in  showing  the  total  thickness  of  overburden 
and  interburden  units  within  the  overburden, 
but  can  also  be  used  to  show  the  lateral  variation 
in  content  of  some  toxic  element  within  the 
overburden  if  thickness  measurements  are  re- 
placed with  percentage  or  parts  per  thousand, 
million,  etc.,  values. 

A  cross-section  is  a  profile  portraying  an  in- 
terpretation of  a  vertical  section  of  the  earth  (in 
this  case  the  overburden)  (fig.  11A).  A  fence  dia- 
gram is  a  combination  of  three  or  more  geologic 
cross-sections  showing  the  relationships  of  wells 
to  subsurface  formations  (rock  units).  When 
several  sections  are  used  together  they  form  a 
fencelike  enclosure,  hence  the  name  (fig.11B.) 
Cross-sections  and  fence  diagrams  are  useful  for 
displaying  the  two  and  three  dimensional  atti- 
tudes, thicknesses,  and  distributions  of  various 
rock  units  within  the  overburden  and  the  overall 
stratigraphic  framework  of  the  area  of  a  proposed 
surface  mine. 

A  structure  contour  map  is  a  map  displaying 
contour  lines  drawn  through  points  of  equal  ele- 
vation on  a  strata,  key  bed,  or  some  other  horizon  \ 
in  the  overburden  in  order  to  depict  the  attitude 
of  the  rocks  (fig.  12).  Such  maps  will  certainly 
be  required  of  the  top  and  possibly  the  bottom 
of  all  coal  seams  to  be  mined  in  surface  coal 
mining  operations. 

The  number  and  type  of  stratigraphic  maps, 
cross-sections  and  fence  diagrams  will  of  course 
be  a  function  of  the  complexity  of  the  local 
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Figure  10.  Isopach  Map  of  Anderson  Coal  Bed,  SEAM  Study  site.  Powder  River  Basin, 
Wyoming.  Thicknesses  in  feet  at  each  control  point  are  underlined.  Contour  interval  is 
5  feet.  Interpretation  of  Isopach  Map  is  found  in  vol.  II  of  this  report. 


stratigraphic  framework.  Itseems  likely,  however, 
that  at  least  some  of  these  methods  will  be  em- 
ployed to  convey  a  visual  picture  of  the  strat- 
igraphy of  the  geologic  overburden  material  and 
the  presence  and  distribution  of  units  that  have 
undesirable  characteristics  or  toxic  materials.  It 
should  be  emphasized  that  the  validity  of  these 
maps,  cross-sections,  etc.,  is  a  function  of  the 
local  stratigraphic  complexity,  the  spacing  of 
drill  holes,  and  the  ability  of  the  geologist  to 
recognize  key  beds  or  horizons  in  each  drill  hole. 


Analyses  of  Soils  and 
Overburden  Samples 

General 

The  most  prevalent  problems  reported  to 
occur  in  relation  to  strip-mine  reclamation  in 
western  arid-land  areas  are:  (1)  shallow  topsoil 
depths  and  lowfertility  status  of  topsoil,  subsoils, 
and  overburden;  (2)  excessive  soil  salinity  and 
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Figure  11  A.  East-West  stratigraphic  cross-section  across  southwest  portion  of  SEAM 
Study  Site,  South-Central  Powder  River  Basin,  Wyoming.  Line  of  cross-section  can  be 
seen  by  noting  location  of  wells  on  fig.  10.  Interpretation  of  cross-section  is  found  in 
vol.  II  of  this  report. 
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Figure  11B.  Fence  diagram  showing  correlation  and  thickness  of  major  coal  seams, 
Campbell  County,  Wyoming  (after  Breckenridge,  Glass,  Root,  and  Wendell  1974). 
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Figure  12.  Structure  contour  map  drawn  on  the  top  of  the  Anderson  coal  bed,  SEAM 
study  site.  Powder  River  Basin,  Wyoming.  Contours  are  given  in  feet  above  sea  level. 
Contour  interval  is  20  ft .  Elevations  in  feet  at  each  control  point  are  underlined. 


exchangeable  sodium  in  soils  and  overburden; 
and  (3)  high  clay  content  of  subsoils  and  over- 
burden. Therefore,  the  analyses  listed  in  table  14 
center  around  characterizing  soil  and  overburden 
for  these  problems.  In  most  cases,  the  same  ana- 
lytical procedures  may  be  used  for  both  soil  and 
overburden  samples.  Soil  samples  should  not  be 
taken  from  cores  or  cuttings  used  for  overburden 
characterization,  however.  Soils  should  be  de- 
scribed and  sampled  in  characterization  pits  (see 
page  12  and  table  4). 


Most  of  the  analyses  listed  are  well-tested 
and  standardized.  Thus,  the  procedures  are  listed 
as  "acceptable."  One  procedure  source  is  listed 
in  most  cases,  a  source  that  is  readily  available  or 
accessible.  It  is  not  intended  to  restrict  the  ana- 
lytical methods  or  instrumentation  used  exactly 
to  those  used  in  the  procedure  cited.  Any  ana- 
lytical instrument  or  method  is  acceptable  that 
gives  comparable  or  more  accurate  results  or  will 
correlate  well  with  the  procedures  cited. 
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Table  14.  —  Analyses  for  characterizing  soil  and  overburden  samples 


Soil  or  overburden 


Reported  as 


Importance  of  and/or  use 


Acceptable  procedure^ 


Salinity-Exchangeable  Sodium-Related  Analyses  and  Calculations: 


Saturated  paste 


\\  ater  saturation 


(SP) 


Reaction  lacidity  or 
alkalinity) 


Electrical  conductivit\- 
saturated  paste  extract 

Water  soluable  ca- 
tions (Ca,  Mo,  \a,  K) 


Sodium  adsorption 
ratio  (SAR 

Potassium  adsorption 
ratio  (PAR) 

Water  soluble  anions 
CO3,  HCO3,  SO4, 
CI.  \03,  B 

Ammonium  acetate 
extractable  cations 
(Na,  Ki 

Cation  exchange 
capacity-  'CEC 

Exchangeable  sodium 
percentage  (ESP' 


pH  of  saturated  paste  >pHs); 
pH  of  dilute  soil:  water  sus- 
pension, usually  1:5  'pHj); 
pH  is  the  negative  log  of 
hydrogen  in  activitx'. 

mmhos/cm  2  25°C  ECxlO^ 


meq/l;  p/m  meq/100  g 


Na 


Ca 

-1- 

Mg 

2 

K 

Ca 

+ 

Mg 

2 

(calculated  in 
me/1 ) 


meq/l,  p/m;  meq/100  g 


meq/100 


meq/1  00  g 
Percent 


Exchangeable  potassi-  Percent 
um  percentage  l  EPPt 

C\  psum 


meq/1  00  g:  percent 


Fertility-related  analyses: 

Calcium  carbonate 
equivalent 
Organic  carbon^ 


Total  nitrogen 

Acid  permanganate 
oxidizable  soil  nitro- 
gen 


Percent;  meq/1  00  g 

Percent  (readily  oxidized  car- 
bonaceous residue  of  plant 
material). 

Percent,  p/m 
p/m 


Ammonium,  nitrate 
and  nitrite 


p/m,  meq/1  00  g 
Available  phosphorus  p/m 


Available  potassium  p/m 


DTPA  extractable 
zinc,  iron,  manganese, 
and  copper 


p/m 


Measure  of  maximum  moisture  reten- 
tion of  pulverized  i<2  mmi  soil  or  over- 
burden; 1/2  SP  gives  an  estimate  of  field 
capacity  of  unconsolidated  material;  1/4 
SP  gives  an  estimate  of  wilting  point  of 
unconsolidated  material. 

Soil  pH  aids  diagnosis  of  many  different 
soil  problems,  such  as  an  indication  of 
free  lime  or  excessive  exchangeable  so- 
dium; pH  is  not  ven,'  reliable  when  used 
as  the  onl\  diagnostic  criteria. 

Rapid  measure  of  v\ater  soluable  salt 
content. 

Indication  of  cation  distribution  in  soil 
solution  and  on  cation  exchange  com- 
plex; assessment  of  salinity  and  fertility 
relationships. 

Estimation  of  percent  exchangeable 
sodium  (ESP). 

Estimation  of  percent  exchangeable 
potassium  (EPP). 

Indication  of  anion  distribution  in  soil     USDA  Agric.  Handb. 
solution;  assessment  of  salinit>'-fertilit\' 
relations. 


USDA  Agnc.  Handb. 
525,  No.  2,  p.  4-6. 


USDA  Agnc.  Handb. 
525,  No.  4,  p.  6. 


USDA  Agnc.  Handb. 
525,  No.  1,  p.  22. 

USDA  Agnc.  Handb. 
525,  No.  2,  3,  4;  p.  24- 
27. 


USDA  Agric.  Handb. 
60,  No.  20b,  p.  102. 

USDA  Agric.  Handb. 
60,  No.  20b,  p.  102. 


525,  No.  5,  6,  7, 11, 12; 


Determination  of  exchangeable  sodium 
and  potassium. 

Measure  of  total  cation  retention. 

Measure  of  percent  sodium  on  cation 
exchange  capacity  not  reliable  for  ma- 
terial containing  sodium-zeolite). 

Measure  of  percent  potassium  on  cation 
exchange  capacity'. 

Measure  of  solid  phase  gypsum 
content. 


Measure  of  alkaline-earth  carbonates. 

Assessment  of  N  and  S  fertilitv';  stability  of 
soil  aggregates. 

Assessment  of  N-cycling  potential  in 
terms  of  C/N. 

Assessment  of  potentially  mineralizable 
soil  nitrogen. 

Indication  of  plant  available  nitrogen. 
Plant  availabilitx'  index. 


Plant  availabilit\'  index. 


Plant  availabiliK'  index. 


p.  16-18,20-22,27-30. 

USDA  Agnc.  Handb. 
525,  No.  5,  p.  7-8. 


USDA  Agnc.  Handb. 
525,  No.  5B.  p.  8-9. 

USDA  Agnc-  Handb. 
525,  No.  6,  p.  9. 

USD.A  Agric.  Handb. 
60,  No.  20,  p.  101 . 

USDA  Agnc.  Handb. 
525,  No.  7,  p.  10-11. 


USDA  Agnc.  Handb. 
525,  No.  3,  p.  6. 

USDA  Agric.  Handb. 
525,  No.  8,  p.  12-13. 

USDA  Agric.  Handb. 
525,  No.  10, p.  14-16. 

Stanford  and  Smith, 
1978. 


USDA  Agric.  Handb. 
525,  No.lOB,  p.  18-20. 

USDA  Agnc.  Handb. 
525,  No.  9,  p.  13-14; 

VVatanabe  and  Oisen 

(1965:. 

ASA  Monograph  No.  9, 
Part  2.  Pratt  1965^,  p. 
1027-1030. 
Lindsa\'  and  NoPv'ell 
(1978). 
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Table  14.  -  (Continued) 


Soil  or  overburden 


Reported  as 


Importance  of  and/or  use 


Acceptable  procedure ^ 


Toxicity-related  analyses: 

Active  sulfides  Present  or  absent 

(qualitative) 

Total  sulfur  p/m,  percent 


Acid-base  account        Tons  per  1,000  tons 


Elemental  analysis         p/m,  percent 


Hot  water  soluble  Se  p/m 


Ammonium  oxalate  p/m 
extractable  MO 


Hot  water  soluble  p/m 
boron 

DTPA  extractable  zinc,  p/m 
iron,  manganese,  cop- 
per, cadmium  (and 
probably  other  heavy 
metals. 

Physical  analyses: 

Particle  size  analyses      Percent  sand,  silt,  clay  (also 
very  fine  sand) 


Texture 


Shrink-swell 


Slaking  test 


sand,  loamy  sand,  sandy  loam, 
loam,  silt  loam,  sandy  clay 
loam,  silty  clay  loam,  clay 
loam,  clay 

Low,  medium,  high 


Percent  particles  passing 
screen 


Mineralogical  analyses: 

Pyrite  identification  Euhedral  phenocrysts,  Fram- 
boidal;  percent;  present  or 
absent;  size 

Clay  mineralogy  Clay  mineral  type;  percent 


Sand  mineralogy 


Mineral,  matrix,  and  cement 
percentages 


Acidification  potential. 


Assessing  acid-base  potential. 


Assessment  of  neutralization  of 
potential  acidity  by  lime. 

Screening  for  potential  heavy  metal  or 
other  elemental  toxicity. 


Assessment  of  plant  toxicity. 


Assessment  of  plant  toxicity. 


Assessment  of  B-toxicity. 


Assessment  of  ion  toxicities  to  plants. 


Assessment  of  erosiveness,  permeability, 
water  holding  capacity,  capillary  potential 
inherent  fertility. 

Assessment  of  generalized  moisture,  fer- 
tility, and  salinity  relations. 


Assessment  of  permeability  hazard. 


Assessment  of  induration. 


Assessment  of  acidification  potential  and 
salinity  increases. 


Evaluate  moisture  and  fertility 
relationships,  strata. 

Evaluate  weatherability,  strata,  and  fer- 
tility. 


Neckers  and  Walker 
(1952). 

ASA  Monograph  No.  9, 
Part  2.  Bardsley  and  Lan- 
caster, 1965,  p.  1103- 
1 1  08;  Steinbergs,  and 
others.  (1962). 

Smith  and  others, 
(1976),  p.  2934 

X-ray  Spectroscopy, 
ASA  Monograph  No.  9, 
Part  2  Vanden  Heuvel 
(1965),  p.  771-819. 

ASA  Monograph  No.  9, 
Part  2  Fine  (1965),  p. 
1122. 

ASA  Monograph  No.  9, 
Part  2  Reisenauer 
(1965),  p.  1054. 

USDA  Agnc.  Handb. 
525,  No.  12,  p.  20-22. 

Lindsay  and  Norvell 
(1978);  Korcak  and 
Fanning  (1978). 


ASA  Monograph  No.  9, 
Part  1  Day  (1965), 
p.  545-566. 

USDA  Texture  Classifi- 
cation. 


ASA  Monograph  No.  9, 
Part  1  Holtz  (1965), 
p.  461-63. 

Modification  of  Smith 
and  others,  (1976)  vol. 
2  (this  report). 


Petrographic  analysis; 
X-ray  diffraction,  elec- 
tron microscopy  (Arora 
and  others,  1978). 

ASA  Monograph  No.  9, 
Parti  Ch.  44,  45,  49;  p. 
568-601,  611-696. 

ASA  Monograph  No.  9, 
Parti  (1965),  p.  604-630. 


T  Reference  citations  given  in  literature  citation  section. 

^Dispersion  of  overburden  samples  by  ultrasonic  frequency  is  recommend. 

^Reagents  oxydize  reduced  sulfides  and  give  high  results. 

^Water  soluble  sulfate  and  gypsum  should  be  deducted  from  total  sulfur. 
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A  screening  procedure  is  given  for  some  de- 
terminations such  as  potentially  toxic  elements 
and  pyrite  along  with  a  more  quantitative  proce- 
dure where  such  acceptable  procedures  are 
available. 


Sample  Selection  Guidelines  for  Chemical, 
Mineralogical,  Textural  and  Physical  Analyses 

Criteria  and  guidelines  for  selecting  and 
handling  soil  samples  for  laboratory  characteri- 
zation are  given  in  table  4.  Approaches  for  sam- 
pling geologic  overburden  materials  are  discussed 
in  the  drilling  section.  The  data  requirements 
and  sample  selection  criteria  for  geologic  over- 
burden might  be  greatly  simplified  if  soils  were 
characterized  as  to  suitability  and  adequacy  prior 
to  overburden  characterization.  If  it  were  known 
that  adequate  amounts  of  "topsoil"  materials 
were  available  for  reclamation,  then  fertility  and 
other  analyses  specifically  needed  for  plant 
growth  characterization  could  be  eliminated. 
Only  those  analyses  related  to  environmental 
hazards  of  overburden  and  to  mining  operations 
would  then  be  needed.  Moreover,  the  total  num- 
ber of  time-consuming  analyses  could  be  reduced 
considerably  by  a  general  screening  approach  for 
identifying  such  hazards  as  pyrite  and  some  po- 
tentially toxic  elements.  A  rapid  qualitative 
chemical  screening  procedure  can  be  used  to 
estimate  the  relative  amounts  of  pyrite  present 
in  overburden  strata,  for  example.  A  more  quan- 
titative procedure  can  then  be  used  on  samples 
containing  detectable  amounts  of  pyrite.  Also,  a 
large  number  of  elements  can  be  determined  si- 
multaneously on  one  sample  by  total  elemental 
analyses  with  emission  spectroscopy.  These  ana- 
lyses can  serve  as  a  screening  method  for  poten- 
tially toxic  elements.  Samples  with  high  or  mar- 
ginal total  elemental  concentrations  can  then  be 
subjected  to  more  specific  quantitative  analyses 
for  salinity. 

If  "topsoil"  materials  were  insufficient  or 
were  unsuitable  as  plant  growth  media,  then 
overburden  could  be  more  thoroughly  analyzed 
to  assess  the  possibility  of  overburden  being  more 
suitable  as  plant  growth  media  than  "topsoil." 
In  general,  all  samples  should  be  representative 
of  the  intervals  to  be  sampled  (equal  amounts  of 
the  interval  thoroughly  mixed)  so  that  the  quan- 
titative significance  of  the  analyses  can  be  as- 


sessed. Also,  it  is  recommended  that  enough  extra 
sample  be  retained  so  that  analyses  can  be  re- 
peated if  necessary  or  for  further  analysis  in  case 
questions  arise  in  the  future. 

GROUND  WATER  AND 
SURFACE  WATER  CHEMISTRY 

The  use  of  proper  sampling  procedures  for 
ground  and  surface  water  is  imperative  in  order 
to  ensure  accurate  water  quality  information. 
The  field  investigator  must  be  sure  that  his  sam- 
ple is  representative  of  the  water  body  under  in- 
vestigation for  decisions  based  upon  water  quality 
data  are  vitally  dependent  upon  sample  validity. 
It  has  been  suggested  that  improper  sampling  lo- 
cation may  yield  the  greatest  source  of  error  in 
the  entire  water  quality  data  acquisition  process 
(Hem  1970).  The  following  is  a  brief  summary 
of  proper  sampling  procedures,  for  additional  in- 
formation see  Hem  (1970)  and  Rainwater  and 
Thatcher  (1960). 

Surface  Water  Sampling 

The  following  criteria  should  be  considered 
when  establishing  a  surface  water  sampling  net- 
work (adapted  from  Rainwater  and  Thatcher 
1960): 

1.  The  water  is  completely  mixed  and  of 
uniform  composition. 

2.  Each  sampling  location  fits  into  a  com- 
prehensive network  for  evaluating  chemical  com- 
position throughout  the  study  area. 

3.  The  data  gained  from  the  sampling  net- 
work can  be  correlated  with  information  derived 
from  other  sampling  programs  in  the  area. 

4.  The  sampling  location  is  such  that  esti- 
mates can  be  made  of  the  amount  of  total  dis- 
solved material  discharges  from  the  area. 

5.  Location  of  the  sampling  point  is  at  a 
transition  from  the  surface  outcrop  of  one  geo- 
logic formation  to  another. 

6.  Location  can  be  used  to  monitor  both 
pre  and  postdevelopment  water  quality. 

7.  Locations  provide  information  about 
the  water  quality  upstream  and  downstream 
from  the  development  area. 
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Ground  Water  Sampling 

Water  samples  taken  from  idle,  nonpumping 
wells  are  usually  not  representative  of  the 
ground  water  chemistry.  Well  water  above  the 
screened  interval  is  isolated  from  the  aquifer  and 
tends  to  be  stratified  and  stagnant.  Furthermore, 
this  water  may  contain  foreign  material  from  the 
surface  and  include  chemical  compounds  derived 
from  the  well  casing  and  drilling  fluids. 

To  avoid  the  collection  of  nonrepresenta- 
tive,  stagnant  water  samples,  each  well  should  be 
thoroughly  flushed  out  prior  to  sampling.  For 
high  capacity  wells,  3  to  5  times  the  volume  of 
water  contained  in  the  casing  should  be  evacuated 
to  obtain  a  representative  sample.  Low  capacity 
wells  should  be  pumped  completely  dry  and  al- 
lowed to  recover;  if  recovery  is  rapid,  the  well 
should  be  completely  evacuated  2  or  3  times 
prior  to  sampling.  To  ensure  complete  removal 
of  the  stagnant  water,  the  pump  screens  or  dis- 
charge line  inlet  should  be  placed  as  near  to  the 
well  screen  as  possible. 

The  following  equipment  is  suitable  for  the 
collection  of  ground  water  samples:  (1)  bailers, 
(2)  surface  pumps  (peristaltic,  centrifugal,  vac- 
uum), (3)  submersible  pumps,  and  (4)  air  lift 
equipment. 

Care  must  be  taken  when  using  any  of  these 
devices  for  sampling  purposes;  improper  handling 
and  poor  sanitation  will  compromise  the  worth 
of  the  water  sample,  possibly  leading  to  incor- 
rect management  decisions.  Specifically,  bailers 
should  be  used  only  when  it  is  possible  to  com- 
pletely dry  out  the  well  by  bailing,  otherwise  the 
sample  is  unreliable.  Pumps  and  air  lift  equip- 
ment are  probably  the  best  means  of  collecting 
ground  water  samples.  Unfortunately,  all  these 
devices  tend  to  aerate  the  water  sample  which 
may  affect  the  concentration  of  heavy  metal 
ions  and  other  constituents.  Rapid  sample 
preservation  will  minimize  the  aeration  effects. 

The  following  data  should  be  collected  at 
each  surface  and  ground  water  sampling  station. 


Surface 

Ground- 

Data 

water 

water 

Name  of  water  body 

X 

X 

Site  location 

X 

X 

Point  of  collection 

(pump  discharge,  etc.) 

X 

X 

Method  of  collection 

X 

X 

Time  and  date 

X 

X 

Gage  height  or  discharge 

X 

X 

Temperature 

X 

X 

Collector's  name 

X 

X 

Well  number 

X 

Well  depth 

X 

Well  diameter 

X 

Screened  interval 

X 

Static  water  level 

iX 

Filed  conditions 

X 

X 

Sampling  Frequency 

Water  quality  sampling  frequency  should 
be  such  that  no  important  or  significant  changes 
in  water  quality  go  unnoticed  between  sampling 
times  (Rainwater  and  Thatcher  1960).  In  general, 
sampling  frequency  should  be  proportional  to 
the  variability  of  the  water  chemistry;  stations 
with  high  water  quality  variability  should  be 
sampled  more  frequently  than  stations  with  con- 
sistent water  quality.  Obviously,  the  hydrologist 
must  seek  a  compromise  between  the  accuracy 
and  detail  desired  in  the  water  quality  record 
and  available  funding.  In  most  cases,  quarterly 
or  biannual  sampling  intervals  are  sufficient  for 
confined  ground  water  quality  studies.  Uncon- 
fined  groundwater  may  require  more  frequent 
sampling.  Higher  sampling  frequencies  are  usually 
required  for  most  surface  water  stations  due  to 
the  greater  water  quality  fluctuations  brought 
about  by  the  variability  in  discharge  and  mete- 
orological effects. 

In  some  cases  it  is  possible  to  reduce  labo- 
ratory analysis  costs  by  measuring  a  few  "indica- 
tor constituents"  at  frequent  intervals  while  per- 
forming more  expensive  complete  analyses  only 
when  the  indicators  suggest  significant  water 
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quality  changes.  Possible  indicator  constituents 
include  temperature,  electrical  conductivity,  pH, 
hardness,  and  alkalinity;  these  measurements 
should  be  done  in  the  field. 


Sample  Preservation  and 
Constituent  Analyses 

Sample  preservation  should  never  be  re- 
garded as  absolute,  as  it  is  impossible  to  achieve 
complete  stability  for  every  constituent  to  be 
analyzed.  Preservation  techniques  serve  only  to 
retard  the  chemical  and  biological  changes  that 
occur  in  the  sample  container.  For  this  reason,  it 
is  essential  that  water  samples  be  preserved  as 
soon  as  they  are  collected  and  analyzed  as  soon 
as  possible. 

Laboratory -grade  glass  or  plastic  containers 
are  suitable  for  the  storage  of  most  natural  waters. 
Care  should  be  taken  that  each  sample  bottle  is 
absolutely  clean.  To  ensure  cleanliness  each  con- 
tainer should  be  treated  as  follows:  Wash  each 
bottle  thoroughly  with  detergent,  rinse  with  tap 
water  followed  by  a  nitric  acid  rinse,  rinse  again 
with  tap  water,  and  finally,  rinse  with  deionized 
water.  Following  this  procedure  each  bottle 
should  be  sealed  until  needed.  In  the  field,  each 
bottle  should  be  rinsed  thoroughly  with  the  sam- 
ple, then  filled  completely  leaving  as  little  en- 
trapped air  as  possible. 

The  two  most  commonly  used  field  preser- 
vation procedures  are  refrigeration  and  filter/ 
acidification.  For  the  refrigeration  method  the 
sample  is  simply  collected  in  the  sample  bottle 
then  immediately  cooled  to  below  4°  C  using  ice 
or  other  means.  The  advantages  with  this  method 
are  that  little  sampling  equipment  or  chemicals 
are  needed  and  the  procedure  is  simple.  This 
method  may  not  be  practical,  however,  when 
sampling  warm  water  or  during  hot  days  because 
large  quantities  of  ice  are  required  to  ensure  ade- 
quate cooling  and  preservation.  If  a  constant 
temperature  below  4°  C  cannot  be  maintained, 
then  the  filter/acidification  procedure  must  be 
used.  Filter/acidification  requires  the  following 
equipment:  prefilter  papers,  0.45  ju  filters,  filter 
chamber  (USGS  or  Skogstadt  type),  nitric  acid, 
zero-impurities  grade  nitrogen  gas  (required  only 
when  minor  elements  or  heavy  metals  are  to  be 
analyzed). 


A  portion  of  the  water  sample  is  placed  in 
the  pressurized  filter  chamber  and  forced  through 
the  filters  at  pressures  below  15  psi.  The  filtered 
fraction  is  then  stored  in  two  separate  portions; 
a  1  liter  portion  that  has  been  filtered  and  then 
acidified  with  nitric  acid  to  a  pH  of  2.0  and  a 
250  ml  portion  that  has  been  filtered  only.  Also, 
250  ml  of  raw  water  should  be  sampled  in  addi- 
tion to  the  filtered  portion.  Each  sample  bottle 
should  be  labeled  according  to  its  field  treat- 
ment; the  nitric  acid  should  be  added  directly  to 
the  1  liter  portion  in  the  sample  bottle.  All  water 
samples  should  be  kept  as  cool  as  possible  and 
out  of  direct  sunlight  regardless  of  the  preserva- 
tion method. 

Due  to  preservation  difficulties,  some  water 
quality  parameters  must  be  analyzed  in  the  field 
in  order  to  obtain  accurate  data.  Analyses  that 
must  be  done  in  the  field  include:  temperature, 
electrical  conductivity,  pH,  alkalinity,  dissolved 
oxygen,  carbonate,  and  bicarbonate. 

The  following  parameters  should  be  ana- 
lyzed in  connection  with  premining,  mining,  and 
postmining  water  quality  monitoring  programs 
(from  Wyoming  Department  of  Environmental 
Quality,  Division  of  Land  Quality  Guidelines #4): 


pH  arsenic 

temperature  cadmium 

total  dissolved  solids  calcium 

electrical  conductivity  chromium 

alkalinity  copper 

hardness  flouride 

carbonate  iron 

bicarbonate  lead 

aluminum  magnesium 

ammonia  manganese 


mercury 
nickel 

nitrate  (or  N) 

phosphorus 

potassium 

selenium 

sodium 

sulfate 

zinc 


For  uranium  mines  add:  redox  potential,  molyb- 
denum, vanadium,  uranium,  and  radium. 

For  surface  water  add:  dissolved  oxygen,  and 
total  suspended  solids. 

The  significance  of  each  of  the  above  con- 
stituents is  discussed  in  United  States  Environ- 
mental Protection  Agency  (1976).  It  may  not  be 
necessary  to  analyze  for  all  of  the  above  in  every 
case,  of  course.  The  composition  and  levels  of 
constituents  found  in  initial  sampling  should 
be  used  as  a  guide  for  analysis  of  subsequent 
sampling. 
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GREENHOUSE  STUDIES  AND 
PLANT  TISSUE  ANALYSES 

Perhaps  one  of  the  greatest  problems  facing 
both  laboratories  providing  data  and  planners 
and  land  managers  receiving  these  data  is  "inter- 
preting" the  meaning  of  many  of  the  soil  chem- 
ical and  biological  assay  data  that  is  being  re- 
quired for  assessing  the  suitability  of  soil  and/or 
geologic  overburden  as  plant  growth  media. 
Public  pressure  has  forced  them  into  performing 
tests  before  they  were  ready  with  data  needed  to 
interpret  these  tests. 

Thus,  a  serious  gap  exists  for  which  calibra- 
tion data  is  needed.  This  information  can  be  sup- 
plied in  several  ways  —  through  laboratory  and/or 
greenhouse  studies  which  give  only  partial  an- 
swers, or  through  field  studies  which  require 
long  periods  of  time  and  are  subject  to  loss  be- 
cause of  weather,  diseases,  etc.,  and  the  results 
of  which  are  not  always  easily  transferred  from 
one  site  to  another;  or  by  a  combined  green- 
house, laboratory,  and  field  experimental  pro- 
gram. The  latter  approach  is  perhaps  the  most 
economical  and  efficient  in  terms  of  time  and  re- 
liability. 

The  purpose  of  this  section  is  not  to  infer 
that  greenhouse  and  associated  soil  and  plant 
diagnostic  studies  should  always  and  everywhere 
be  considered.  Rather,  the  information  is  pro- 
vided to  encourage  mining  companies  and/or 
agencies  to  develop  research  programs  that  are 
needed  to  fill  critical  data  gaps. 

The  usefulness  of  greenhouse  and  plant 
tissue  analyses  studies  has  long  been  demon- 
strated in  soil  test-plant  nutrient  correlation 
studies  on  agronomic  crops.  And  it  seems  fair  to 
say  that  this  approach  is  compatible  as  a  basis 
for  studying  these  same  relationships  associated 
with  mined-land  reclamation.  Differences  be- 
tween them  are  probably  more  by  degree  than 
actual. 

When  one  considers  the  multitude  of  condi- 
tions that  exist  in  terms  of  soils,  crops,  or  vege- 
tation types;  climatic  conditions;  and  manage- 
ment alternatives  associated  with  areas  in  which 
surface  mining  is  taking  place,  it  becomes  appar- 
ent that  field  trials  cannot,  in  a  practical  sense, 


be  carried  out  in  sufficient  time  to  provide  the 
calibration  data  needed.  Greenhouse  and  asso- 
ciated soil  and  plant  diagnostic  techniques  should 
be  considered  as  a  viable  screening  mechanism 
for  identifying  the  nature  and  extent  of  potential 
soil-plant  nutrient  deficiencies  and/or  toxicities 
that  might  be  associated  with  the  soil-plant  sys- 
tems being  managed.  Data  furnished  from  these 
types  of  studies  can  serve  as  a  useful  tool  in  pre- 
mining  evaluation  of  soil  and/or  overburden  ma- 
terials, as  well  as  being  a  reliable  basis  for  deter- 
mining the  variables  that  should  be  included  in 
field  experiments. 

Some  considerations  that  should  be  kept  in 
mind  in  developing  these  types  of  studies  are: 

1.  Sample  selection  and  collection.  Mate- 
rials should  be  sampled  on  the  basis  of  what  fac- 
tors are  to  be  studied. 

2.  Amount  of  material.  This  will  vary  de- 
pending on  the  extensiveness  of  the  study  in- 
volved. The  experimental  design  should  include 
a  minimum  of  2  replications  and  pot  size  should 
be  1/2  to  1  kg.  Thus,  if  an  experiment  required 
10  treatments  and  2  replications  (20  pots)  the 
amount  of  material  required  would  be  a  mini- 
mum of  10  to  20  kg.  The  amount  of  material 
collected  should  also  consider  laboratory  needs. 

3.  Type  of  crop. 

4.  Type  of  soil  and/or  plant  analyses  to 
be  performed. 

5.  Sample  preparation.  Material  should 
have  a  particular  size  where  most  of  the  material 
falls  into  the  <  2  mm  size  range.  If  coarse  or  con- 
solidated materials  are  ground,  it  is  desirable  to 
avoid  crushing  too  fine. 

Note:  Criticism  has  been  made  concerning 
grinding  materials  for  greenhouse 
study.  It  must  be  recognized,  how- 
ever, that  the  part  of  the  soil  mate- 
rial that  influences  plant  growth 
most  significantly  is  the  <  2  mm 
fraction  material. 

6.  Experiment  design.  Should  be  devel- 
oped jointly  by  the  researcher  and  those  desiring 
the  research  to  be  performed. 
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FIELD  REVEGETATION  AND 
STABILIZATION  STUDIES 

It  would  appear  that  field  experiments  to 
evaluate  existing  site  conditions  may  be  useful. 
For  example,  sampling  of  plants  as  well  as  soil 
materials  for  laboratory  analyses  would  provide 
an  excellent  means  for  evaluating  the  soil-plant 
nutrient  deficiency  and/or  toxicity  potentials 
that  currently  exist.  In  addition,  treatment  of 
existing  soil-plant  systems  with  fertilizer  and/or 
soil  amendments  can  help  to  indicate  the  nature 
and  degree  of  response  to  treatments  that  may 
be  proposed  for  reclaimed  areas.  In  effect,  these 
types  of  studies  would  provide  baseline  data  for 
conditions  as  they  currently  exist,  which  in  turn 
can  serve  as  a  basis  for  evaluating  soil-plant  rela- 
tionships that  might  occur  after  land  disturbance 
by  mining. 

As  in  the  case  of  greenhouse  and  plant  ana- 
lyses studies,  the  foregoing  discussion  does  not 
infer  that  field  experimentation  is  always  and 
everywhere  needed  for  obtaining  data  in  devel- 
oping a  reclamation  plan.  Again,  this  section  of 
the  report  is  provided  to  encourage,  where  pos- 
sible, the  implementation  of  field  investigations 
to  provide  needed  and  useful  information. 

in  addition,  a  program  should  be  developed 
to  address  two  distinct  activities:  (1)  laboratory 
and  greenhouse  research  to  provide  basic  correla- 
tion and  calibration  data,  and  (2)  field  experi- 
mentation to  provide  a  mechanism  for  transfer- 
ring laboratory  and  greenhouse  studies  into  in- 
terpretations that  apply  to  the  environments 
where  the  reclamation  activities  are  taking  place. 

Field  experimentation  needs  relative  to 
problems  associated  with  reclamation  in  the 
Western  United  States,  as  reported  by  various  re- 
searchers, include  erosion,  species  adaptability, 
fertility  needs,  potential  plant  and  animal  tox- 
icity, and  salinity  and  sodium  problems.  Appen- 
dix I  contains  some  useful  references  concerning 
these  factors  and  should  be  reviewed  so  as  to 
benefit  from  previous  research  efforts. 

The  main  purpose  of  this  section  is  to  pro- 
vide a  summary  of  "principles  of  field  experi- 
ments." Basically,  the  principles  of  field  experi- 
mentation are  as  follows: 


Describing  the  Component  Parts  of 
the  System  which  will  Affect 
the  Experiment 

These  are: 

1.  Communities  of  plants  being  grown  or 
being  proposed.  Choice  of  plants  to  be  used  could 
come  from  an  assessment  of  current  soil-vegeta- 
tion relationships. 

2.  Soil  characteristics. 

3.  Climatic  conditions. 

4.  Associated  biological  entities  —  weeds, 
insects,  diseases,  and  animals  that  might  destroy 
plots. 

5.  Cultural  and  management  practice 
alternatives. 

Selection  of  Experimental  Sites 

Criteria  are: 

7.  Uniformity.  —  Sites  must  be  selected 
where  uncontrolled  variables  are  the  same  over 
the  entire  experimental  site,  (depth  of  soil,  kind 
of  topsoil  and  subsoil  material,  etc).  Selecting 
the  experimental  site  for  uniformity  of  uncon- 
trolled variables  will  minimize  experimental  error 
and  the  number  of  replications  needed. 

2.  Number  of  replications.  —  Enough  field 
studies  have  been  conducted  to  suggest  that  a 
minimum  of  4  replications  per  treatment  are 
needed  to  minimize  experimental  error.  Also,  it 
is  important  to  remember  that  uniformity  within 
a  plot  is  essential,  particularly  when  there  is  var- 
iability within  the  entire  experimental  site. 


Variables  to  be  Studied 

We  should  identify  and  define  the  kind  and 
level  of  uncontrolled  variables  as  well  as  the  con- 
trolled variables.  In  other  words,  the  controlled 
variables  might  be  a  study  of  the  effect  of  various 
mulches  in  controlling  erosion.  Soil  fertility  may 
be  an  uncontrolled  variable.  The  fertility  status 
of  the  soil  should  be  determined  because  it  may 
be  a  limiting  factor  that  affects  response  to  the 
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controlled  variables.  In  this  case,  it  may  be  de- 
sirable to  apply  a  standard  rate  of  fertilizer  over 
the  entire  study  area  to  eliminate  this  variable  as 
a  limiting  factor. 

Plot  Design 

Selection  of  a  plot  design  is  critical  because 
different  plot  design  techniques  allow  for  greater 
or  lesser  precision  in  controlling  experimental 
error,  either  by  accommodating  or  not  accom- 
modating site  variability  and/or  combinations  of 
treatments.  Randomized  complete  block  and 
split-plot  designs  are  most  commonly  used.  A 
useful  reference  for  determining  a  plot  design 
suited  for  the  type  of  experiments  proposed  is 
LeClerg  and  others  1962. 

In  addition,  plot  design  should  consider  the 
data  analyses  portion  of  the  research.  The  prin- 
ciple types  of  field  experiments  now  desired  are 
those  that  will  provide  multiple  regression  ana- 


lyses which  relate  responses  to  different  variables 
and  to  their  interactions.  Field  experiments 
should  be  designed  for  this  purpose. 

Site  Protection 

We  recognize  that  the  establishment  of  field 
experiments  often  attract  animals  of  various 
kinds,  (gophers,  rabbits,  mice,  deer,  antelope, 
elk,  etc).  Because  field  experiments  are  costly  to 
establish,  a  site  protection  plan  —  namely 
fencing  —  is  essential.  The  possibility  of  pests 
such  as  grasshoppers  invading  the  site  also  must 
be  considered. 

In  summary,  field  experimentation,  sup- 
ported by  laboratory  and  greenhouse  studies,  is 
the  primary  mechanism  for  establishing  critical 
plant  nutrient  deficiency  and/or  toxicity  criteria. 
The  "state  of  the  art"  is  inadequate  for  assessing 
many  of  the  "data  interpretive"  questions  being 
asked. 
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DATA  EVALUATION  AND 
APPLICATION 


Geologic  Overburden 

From  the  standpoint  of  mine  land  reclama- 
ition  the  following  questions  should  be  addressed 
iin  mining  and  reclamation  plans  and  environ- 
•  mental  reports:  What  are  the  nature  and  magni- 
itude  of  both  the  beneficial  and  the  adverse  af- 
fects resulting  from  the  proposed  surface  mining 
activity?  What  actions  must  be  taken  to  mitigate 
or  minimize  any  possible  environmental  damage 
(adverse  effects)? 

Specific  adverse  effects  that  might  need  ad- 
dressing in  mining,  reclamation  and  environ- 
mental reports  include: 

1 .  Handling  of  overburden  rock  units  that 
are  highly  acidic,  saline,  or  sodic  and  units  that 
contain  high  levels  of  phytotoxicants  (particu- 
larly heavy  metals). 

2.  Constitution  of  a  suitable  soil  or  sub- 
soil material  from  overburden  rock  units  should 
mining  operations  result  in  excessive  disruption 
of  marginal  surface  soils. 

3.  Final  contouring  of  surface  and  rees- 
tablishment  of  surface  drainage  after  backfilling 
operations  are  completed  to  minimize  subsequent 
erosion  and  to  optimize  surface  runoff  from  the 
mined  area  (Keefer  and  Hadley  1 976). 

The  geologic  data  base  that  should  be  avail- 
able to  aid  in  answering  these  questions  and  in 
recognizing  and  addressing  these  adverse  effects 
includes: 

1.  Maps  of  the  exploration  area  showing 
the  surface  topography  and  the  location  of  bore- 
holes, pits,  roads,  etc. 


2.  A  detailed  geologic  map  showing  the 
types  of  surface  materials,  location  of  potential 
borrow  deposits,  and  geologic  hazards. 

3.  Lithologic  and  geophysical  logs  of  bore- 
holes. Photographs  of  cores  and  lists  of  all  re- 
tained cores  and/or  cuttings,  and  methods  used 
for  backfilling  all  boreholes  and  pits. 

4.  Geologic  cross-sections  showing  soil 
and  rock  types  and  rock  structure  within  the 
proposed  mine  area. 

5.  Isopach  maps  of  the  topsoil,  the  over- 
burden and  interburden,  and  the  host  rock  or 
coal  seam.  Ratios  of  overburden  to  host  rock  or 
coal  seam  thicknesses. 

6.  Structural  contour  maps  showing  the 
subsurface  elevations  of  the  floor  of  the  host 
rock  or  coal  seam  and  the  subsurface  elevations 
of  major  rock  units  that  contain  high  levels  of 
toxic  or  undesirable  materials. 

7.  Records  of  all  geochemical,  mineralog- 
ical,  and  textural  analyses. 

8.  A  narrative  summary  of  the  conditions 
of  the  exploration  site  to  include:  regional  geol- 
ogy and  seismicity;  surface  conditions  and  to- 
pography; physical,  mineralogical,  and  geochem- 
ical characteristics  of  the  overburden  and  inter- 
burden material;  nature  and  extent  of  toxic  ma- 
terials present  in  the  overburden;  and  geologic 
hazards. 

It  is  readily  apparent  from  a  review  of  the 
literature  that  there  is  a  lack  of  information  con- 
cerning the  physical  and  chemical  characteristics 
of  geologic  overburden  materials  in  many  poten- 
tial surface  mine  areas  in  the  Western  United 
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Figure  13.  Cross-section  showing  potential  changes  in  topography  resulting  from  sur- 
face mining  in  the  Gillette  area,  Wyoming.  Lower  section  is  based  on  assumption  that 
overburden  is  replaced  on  a  cut-by-cut  basis  with  200  ft  wide  {60-m-wide)  cuts,  spoils 
are  smoothly  graded,  high  walls,  are  graded  to  a  3:1  slopes,  and  overburden  expands 
20  percent,  (from  Keefer  and  Hadley  1976,  fig.  14,  p.  19) 


States  such  as  the  Fort  Union  region  in  North 
Dakota.  Most  of  the  overburden  in  this  area,  as 
well  as  in  other  areas  of  the  Western  United 
States,  appears  to  be  saline  and  sodic  shales  and 
claystones  which  create  severe  problems  in  reha- 
bilitation. Scoria,  sandstone,  and  gravel,  while 
more  desirable  for  rehabilitation,  are  also  more 
scarce.  Some  of  the  shales  and  claystones  might 
be  less  saline,  and  if  so,  more  easily  rehabilitated. 
An  inventory  of  these  more  preferred  substrata 
is  certainly  desirable  and  warranted  (Thorne 
Ecological  Institute  1975). 

In  some  surface  mine  areas  of  the  Western 
United  States  these  types  of  inventories  are  pres- 
ently under  way  by  State  and  Federal  agencies. 
One  particular  area  that  has  received  considerable 
attention  is  west  central  North  Dakota  (Moran 
and  others  1978).  Another  such  area  is  the 
Gillette  area  in  Wyoming.  The  U.S.  Geological 
Survey  is  gatheringdata on  the  topography,  land- 
forms,  geology,  coal  reserves,  geochemistry,  sur- 
face water,  erosion  and  sediment  yield,  and 
groundwater  to  ascertain  the  potential  effects  of 
surface  mining  of  coal  (Keefer  and  Hadley  1976). 

One  inevitable  effect  of  surface  mining  is 
the  alteration  of  the  surface  topography  as  a  re- 


sult of  surface  mining  operations.  This  alteration 
depends  on  factors  such  as  depth  and  thickness 
of  the  coal  being  mined  and  the  manner  in 
which  the  overburden  is  being  replaced  in  the 
mined-out  pits.  A  cross-section  showing  the  po- 
tential changes  in  topography  in  the  Gillette 
area  as  a  result  of  surface  mining  of  coal  is  given 
in  fig.  13.  Knowledge  of  the  postmine  landscape 
is  especially  important  in  areas  where  the  strip- 
pable  coal  is  thick  in  comparison  to  the  overbur- 
den material.  Such  reconstructions  are  essential 
to  determining  the  potential  distribution  of  sur- 
face drainage  and  predicting  changes  in  erosion 
and  sediment  yield  patterns.  Because  of  the 
thickness  of  the  coal  in  this  area,  the  ground  sur- 
face will  be  lowered  considerably  (fig.  13).  As  a 
result,  extensive  closed  depressions  may  be 
created  and  gullying  along  stream  course  up- 
stream from  high  walls  and  increased  erosion 
and  sediment  yield  may  result  if  proper  reclama- 
tion procedures  are  not  followed. 

Potential  environmental  problems  such  as 
those  found  in  the  North  Dakota  and  Gillette 
areas  can  only  be  recognized  if  a  sufficient  data 
base  from  overburden  and  hydrology  studies 
exists.  Solution  to  some  potential  environmental 
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problems  must  be  based  on  a  regional  as  well  as 
a  site-by-site  basis. 


LABORATORY  DATA 
APPLICATION 


Soil  and  Overburden 

FIELD  INVENTORY  DATA 
APPLICATION 

The  field  inventory  maps  and  accompanying 
descriptive  information  will  be  directed  toward 
answering  the  following  basic  question:  How 
much  soil  material  is  available  that  is  suitable  as 
plant  growth  media  and  what  is  the  distribution 
of  these  materials  on  the  site? 

The  field  inventory  data  base  should  include 
the  following  information  for  answering  the 
above  question: 

1.  Adequate  soil  profile  descriptions  so 
that  topsoil  and  subsoil  isopach  maps  can  be  de- 
veloped to  calculate  the  amount  of  material. 

2.  Soil  map  at  a  scale  sufficient  to  portray 
the  extent  and  distribution  of  the  different  kinds 
of  soils  which  occur. 

3.  Adequate  soil  mapping  unit  descrip- 
tion to  determine  the  relative  homogeneity  of 
soils  within  a  mapping  unit  and  to  provide  ade- 
quate information  for  making  land  capability  in- 
terpretations. 

4.  Interpretive  classifications  should  be 
made  for  each  soil  mapping  unit  with  regard  to 
land  capability  classification,  important  and 
unique  farmlands,  range-site  classification,  ero- 
sion susceptibility,  and  other  soil  and/or  land 
classification  interpretations  that  might  be  use- 
ful in  developing  a  reclamation  plan. 

Most  of  the  interpretive  classifications  can 
be  developed  very  easily  if  the  field  data  are  col- 
lected using  the  procedures  outlined  in  this  re- 
port and  the  interpretation  guidelines,  which  are 
available  from  agencies  such  as  the  Soil  Con- 
servation Service,  USDA;  Bureau  of  Reclamation, 
USDI;  Forest  Service,  USDA;  and  Bureau  of 
Land  Management,  U.S.  Department  of  the  In- 
terior. 


The  major  problem  facing  land  planners, 
relative  to  use  of  laboratory  data,  is  identifying 
data  needs  and  interpreting  the  data  once  ob- 
tained. The  diversity  of  management  goals,  con- 
trolling specifications,  variability  in  physical  and 
plant  system  environments,  and  lack  of  interpre- 
tive correlation  data  makes  this  task  somewhat 
difficult.  Further,  the  complexity  of  these  inter- 
related factors  renders  impractical  any  attempt 
to  develop  orapply  uniform  criteria.  In  addition, 
definable  and  applicable  criteriaare  more  reliable 
for  dealing  with  some  factors  as  compared  to 
others. 

This  section  is  an  attempt  to  present  the 
"state  of  the  art"  in  interpreting  and  applying 
laboratory  data  in  mined-land  reclamation  and 
to  provide  a  basis  for  knowing  what  to  look  for 
in  differentiating  what  is  important  and  what  is 
not  in  relation  to  individual  projects. 

This  section  is  written  to  present  informa- 
tion that  can  be  useful  for  evaluating  and  apply- 
ing laboratory  data  to  the  following  concerns: 
(1)  soil  fertility  relationships,  (2)  soil  salinity 
and/or  sodium  relationships,  (3)  soil  textural  re- 
lationships, (4)  mineralogical  relationships,  (5) 
trace  element  deficiency  and  toxicity  relation- 
ships, (6)  soil  erosion  relationships,  and  (7)  de- 
veloping a  soil  and  geologic  overburden  labora- 
tory characterization  program. 

Use  has  been  made  in  this  section  of  many 
sources  of  unpublished  as  well  as  published  in- 
formation. 

Soil  Fertility  Relationships 

The  uptake  of  nutrients  by  plants  is  one 
obvious  criterion  for  assessing  their  availability. 
No  two  species  of  plants  growing  on  the  same 
soil,  however,  take  up  the  same  quantity  of  the 
various  nutrients.  These  variations  in  uptake  are 
the  result  of  such  things  as  pH  of  the  soil,  mois- 
ture status,  overall  fertility  status,  nature  of  the 
plant,  and  content  in  the  soil  of  the  nutrients. 

The  above  interrelationships  have  been  re- 
solved (at  least  to  a  satisfactory  degree)  for 
many  soil-plant  systems  through  soil  test  corre- 
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lation  research  programs.  Most  of  these  investi- 
gations have,  however,  been  carried  out  for 
agronomic  crops  under  soil  moisture  regimes 
quite  different  from  those  in  which  surface  min- 
ing is  taking  place  in  the  Western  United  States. 
Although  agronomic  and/or  introduced  forage 
crops  will  be  used  in  some  areas  in  reclamation 
for  which  some  existing  soil  test  correlation  data 
will  be  applicable,  native  vegetation,  as  well  as 
drier  soil  moisture  regimes,  will  be  the  more 
common  soil-plant  system  for  which  fertility  as- 
sessments are  made. 

Thus,  the  "state  of  the  art"  for  evaluating 
potential  soil  fertility  needs  associated  with 
most  reclamation  efforts  is  based  primarily  on 
judgment. 

Data  shown  in  table  15  identifies  the  soil 
test-fertilizer  recommendation  criteria  currently 
being  used  by  the  Colorado  State  University  Soil 
Testing  Laboratory.  The  fertility  interpretations 
provided  are  thought  to  be  those  which  most 
closely  approach  mined-land  reclamation  inter- 
pretive needs.  It  must  be  remembered,  however, 
that  these  relationships  are  based  on  correlation 
data  for  a  given  soil  chemical  extraction  method 
and  for  specific  crops.  (Soil  test  methods  are  in- 
dicated in  table  15.)  The  purpose  for  providing 
this  information  is  not  to  suggest  that  the  ferti- 
lizer treatments  recommended  be  universally  ap- 
plied. This  would  be  undesirable  because  the 
recommendations  do  not  have  regional  applica- 
tion because  of  crop,  climatic,  and  soil  differ- 
ences. Rather,  the  information  is  provided  to 
serve  as  a  first  approximation  in  attempting  to 
identify  and/or  isolate  potential  fertility  prob- 
lems associated  with  a  mined-land  reclamation 
effort,  recognizing  that  what  might  be  considered 
a  low  soil  P  level  for  one  type  of  plant  may  not 
be  low  for  another  type  of  plant  and/or  soil 
moisture  regime. 

N  and  P  are  recognized  as  being  the  most 
potentially  limiting  plant  nutrients  in  soils  of  re- 
claimed areas  in  the  arid  and  semiarid  West.  The 
degree  of  deficiency,  however,  varies  greatly  due 
to  soil  properties,  plant  type,  prevailing  climatic 
conditions,  etc. 

Although  there  are  little  data  available,  the 
following  is  a  summary  of  the  present  "state  of 
the  art"  for  evaluating  the  status  of  several  other 


nutrients  in  addition  to  those  listed  in  table  15 
and/or  discussed  in  the  section  which  follows: 

Sulfur.  —  Deficiency  very  unlikely  to  occur 
but  usually  is  potentially  limiting  in  very  coarse, 
well-drained,  low  organic  matter  soils. 

Calcium.  —  Generally  present  in  sufficient 
quantities;  however,  may  be  important  from  the 
standpoint  of  plant  nutrition  because  of  the 
ratio  of  Ca  to  Mg.  When  Mg  exceeds  Ca  on  an 
equivalent  basis,  plant  yields  may  be  influenced. 
High  Mg  to  Ca  ratios  have  been  found  for  a  num- 
ber of  geologic  overburden  materials.  Specific 
criteria  for  evaluating  this  relationship  are  not 
well  developed. 

Boron.  —  Deficiency,  if  it  occurs,  is  probably 
restricted  to  isolated  situations.  Toxicities  are 
likely  to  be  more  common  than  deficiencies. 

Molybdenum.  —  Because  of  the  alkaline  na- 
ture of  most  soils  found  in  arid  and  semi-arid 
regions,  deficiency  of  this  element  is  unlikely  to 
occur. 

In  summary,  research  is  being  carried  out  in 
various  parts  of  the  Western  United  States  by 
State,  Federal,  and  private  groups  in  an  attempt 
to  develop  interpretive  data  for  evaluating  nu- 
trient deficiencies.  Thus,  soil  fertility  evaluations 
can  best  be  made  through  contact  with  persons 
having  ongoing  research  programs. 

Soil  Salinity  and  Sodium 
Relationships 

Excessive  salinity  and  exchangeable  sodium 
in  soil  and  geologic  overburden  are  found  to  be 
problems  hindering  revegetation  of  strip-mines 
in  many  areas  in  the  arid  and  semiarid  western 
regions.  General  guidelines  for  evaluating  suita- 
bility of  topsoil  (A  horizon),  subsoil  (B  and  C 
horizons)  and  geologic  overburden  for  revegeta- 
tion of  regraded  mined  lands  under  nonirrigated 
conditions  are  given  in  table  16.  Since  irrigation 
water  and  soil  amendments  can  ameliorate  salt 
and  sodium  conditions  and  present  a  large  array 
of  interpretive  problems,  the  guidelines  are  lim- 
ited to  nonirrigated  conditions  except  where  salt 
and  sodium  reach  "undesirable"  levels.  Similarly, 
plants  have  a  wide  range  in  salt  tolerance  charac- 
teristics which  cannot  even  begin  to  be  covered 


60 


o  ^ 


QJ  03 

-I 

(D  — 

O  ^ 
TD 
_>-  C 


q.T3 


N  _^ 


a; 


"O 

c 

'as 
Jo 


.E  E  [ 


c 

if;  o 


u 

1/1  Q 

to 

c  -o 

O  1^ 

(yi  Q. 
OJ  Q. 
rC 

-  U 

c 


O  .C 


C  03 

J=  o 


ra  O 

O  ^ 

c  ^ 

03  ^ 


O 

o; 

=3 

U  03 

OJ  O) 
-D  -Q 


O  QJ 

>-  c 

1 1 

a;  3 
O  OJ 


^  n3 
03  E 

^    O  > 

^  a  c 

"o  ■-  ^ 

03    0)  -D 

O   ^  ^ 

^  o 

q;  >  g_ 

en    4^  ^ 

O  OJ  Q- 

Q.r  a; 
Sox 

1—    LTi  Cl; 


^  u 

I  Jo 

03 

Z  "t^ 


0  ra 
-C  — 

1  > 

03  ro 

CD 

SI  O 

h-  c 


-  ^ 

03  C 

U  03  4-j 

■zz  O 

•r-  _-  n 


D    Q.  O 

.y 


c  c 


cu  O 


cu. 


03 
> 

1-  X  QJ  o; 


CU  £ 


Ec^ 

O  01 
C  "D 

2  o 

03 

> 

CU  -z: 


^1 
I  § 

T3  O 


03 


T3 

!>,  (U 


O  O 

"a 

2  o 
a;  ^ 
■D 


c 

cu 

cu 

03 

jr 
u 


djd 

Cl 
O 


O 
c 
c 

03  "O 

u  (u 

I—  >- 

a; 


c 

cu 

E 

(U  (U 

(U   o   ^  _ 

a;  -5  ^ 


c  E 

.2  'a; 

■a  4-. 
c  o 
o  c 


2^  o 

DJD  cyi 


E 

I    O  ^  ^ 

C  J-  J£, 

r  9  E  0) 

CU 

^  a;  ^  - 

^  -  1  -  ■" 


Cl  t; 

^  C 
in  •  — 

—  KTi 

o 

O  CU 


OJ  o 

03 

OJ  13 

o  5 


D 

U  O 


a; 


0) 
X 


a 

oi  — 
^  > 

— 
O   

<  ^ 


O 

V 


d 


V  V  V 


3  ^5 


X 

E  o 


c 
N 


cu  5 

^  :^  u 


E  O 

o  ^ 

CLX 


C 


03  O 

in 
O 


"z;  cu 

I—    in  i— 

QJ     O  y 

Q-  X 


O 

-C  — 

Q-  O 

o 


1° 

0)  A 


OJ  O 

E 

.y  J- 
c 

03  ^ 

T — 

o  o 


U  2i  E 
^  o 


o  o 


o  o 

d  A 


o  o  o 

CN 


E 

O    dl  CUD 


r\  ^ 
o 


00 


o  o  o  o 


o  o  o  o 


O  O  O  O 
LTi  r- 


rsi  (30  ^ 
X)  T—  r-  CN 

O  t\  ro 


C 

CU 
X 


O  .- 


CU  2 

■o  o 

E  o 

E  ^ 

c  c 

U  03  --^ 

(U  -  ^ 

)z.  (V 

iTl  1__  

Z  -c  cr 

X  LD 

—  o  o 

O  -C  J£ 

T—  Q.  03 


(/) 

ID 

M) 

at 
bC 
c 
ro 

■o 

> 
o 

a 

E 


c 

03 
00 


o 


c  ^ 

N  ._ 

■—    (/)  u 

.—    lyi  i_ 


a; 


o 


o 


i_  u 
CU    O  03 


3  tn 

E 

o 


q 

A 


u 

03 
X 


^  E 


O 


o  o 


^  DC 


o  o 
x>  ^ 
A 


o  o 


^  DJD 
O  X 


6  A 


o  o  o 


o  o  o 

CM 


o  o  o 

CM 


X 

CD  l\ 


OJ 
> 
OJ 


cu 

O  ^  03 
_C  U 

>-  03 
X 

uj  X 


QJ 

E  X 

:5  a; 
u 

03 


03 


OJ 

o 

< 
E 

'c 

o 

OJ  "D  c 
-£=03 

0-  < 


.y  o 

C  X 

03 

^  £ 

o 
c 


c 

o 

"a 

0) 


2-^ 

0)  ^ 


o 

C  X 

03 

u  1; 


CD 

> 

u 
cu 

Q. 


o  cu 

cu  ^ 

>  >~ 

O  X 


61 


c 
o 
c 

a; 
■o 
c 

3 

a> 
c 


0) 

u 

CO 


ns 

0) 


c 
o 

(0 


■s.i 

>  'Z 

O  (0 
(0  v> 

-a 

S 

V>  CO 


O  C 
>.  O 

SI  05 


(0 

I- 


c 

E 
< 


a  c 

a  o 

U  •  - 

OJ    O  1- 

—  o 
-D  a;  O 

2  S  a. 

•3;  ™ 

5  s 


3 


■D 

O)  O 

•12 
'■f  ^ 

0^ 


V 

V 

cu 

QJ 

QJ 

0 

u 

0 

U 

U 

4—' 

4— ' 

CD 

QJ 

"O 

U 

OJ 

U 

QJ 

QJ 

D 

13 

"O 

0 

"O 

0 

0 

QJ 

-1—' 

QJ 

4—' 

4—' 

4— ' 

4-^ 

0 

4—' 

en 

0 

0 
4—1 

en 

en 

E 

V 

E 

V 

E 

C 

"D 

c 

"O 

C 

0 

JZ 

c 

0 

c 

U 

CU 

4—1 

u 

QJ 

QJ 

Lea 

Am 

Ln 

UJ 

Lea 

Am 

Q- 

LU 

Am 

A 


rsi 


CM 

V 


C 

o 
o 

I 

< 


O 
in 
Q. 
O 
I- 


o  ^ 

r-  tn 

X  o 
-E 


o 

T — 

A 


LD 


Ln 

V 


CO 


00 

1 


V 


c 

o 

o 
< 


C 

o 

N 


U 
CD 


O 
in 
Cl 
O 


O 


O 

X  S: 
-  E 


o 

I 


T — 

6 


V 


to 
C 

o 
o 
u 

CO 


o 


V 


Cl. 


LD 


O 

T — 

I 

LD 


LO 

V 


(N  LD 

^  A 
o 

N  C 

QJ 

CO  U 
O  —  rN 

^  "q3  V 


C 

u 

QJ 


00 

A 


00 


V 


c 

o 

N 


u 
CO 

.  .  ^ 


3 

OJ 
> 

O 


u 
03 

c 

o 

u 


E 

n  U 
O  > 

x5 

QJ  C 

LU  C 


CN 
QJ 
U 

T3 
QJ 


C 

OJ 

E 
c 

QJ 

E 

< 


'nI- 

o 

no 
LD 


V 
o 

4—1 

Q_ 


LD 
I 

o 


o 

V 


c 
o 

N 


u 

CO  .2 
  ^ 

dJ  03 

■2  ^ 

QJ 

68 


Q_ 


O 
I/) 
_D 

to 

"D 
C 

o3 

'o 

a 
o 

4— > 

to 
03 

.S5 
'i— 

OJ 


u 

D_ 
LU 

u 

LU 

a; 
E 

03 


OJ 
4—' 

3 


1/^ 

XI  — 

3  O 

03  -Q 

c  o 

QJ  — 

-a 


3 

OJ 

> 
O 


m 
O 


o 


X 
U  c 

LU  03 


O 
O  CD 


Q- 


03 

3 

C 

C 

03 

i_ 

0 

LO 

V 

<< 

TJ 

CL 

03 

P 

U 

eg 

.1— 

T — 

c 

u 

03 

=1 

U 

0 

CO 
1 

LJ 

C_J 

V 

ta 
0 

rci 

r — 

QJ 

X 

E 

(J 

E 

LU 

0 

D£) 

u 

C 

> 

E 

03 

3 

x: 

IT) 

Q. 

QJ 

>- 

4-' 

03 

C 

'u 

i_ 

QJ 

'4—1 
03 

E 

op 

E 

0 

u 

ary 

E 

4—1 

3 

c 

QJ 

a 

E 

>> 

DX) 

QJ 

QJ 

Q. 

> 

a 

'4—1 

3 

03 

C 

in 

4—1 

QJ 

QJ 

-C 

> 

u 

4—1 

c: 

03 

J2 

00 

C 

03 

4-^ 

4—1 

'3 

A 

in 

c 

4-^ 

0 
4—1 

0 

en 

<ri 

*4-l 

03 

E 

QJ 

4—1 

-a 

D£) 

"a 

c 

han 

reci 

mei 

u 

D. 

< 

rsi 

LO 


£  A 


LO 


1/) 

OJ 

x: 
u 
c 


OJ 
_3 

03 
> 

'o 

i/i 

Q. 

O 


E  a; 

3 


c 

o 


V  2 

M— 

4—1 

O  :t 

<  I 

DC 
•- 

—  LO 

QJ  O 

>  ^ 
C 

OJ 

4—1 

c 
o 

U 
>- 

J2 

u 

E  I 

3  OJ 

E  ^ 
•—  (/) 
c 

ro 


3  O 

(/) 
(/I 
QJ 
C 
_^ 
u 


62 


adequately  within  the  purpose  and  intent  of 
these  guidelines.  The  guidelines  for  salinity  were 
approached  on  the  basis  of  difficulty  in  obtaining 
plant  stands  on  saline  soils  under  nonirrigated 
conditions.  Most  plant  seeds  will  germinate 
under  quite  saline  soil  conditions  but  a  great 
many  will  fail  to  emerge  and,  if  emergence  takes 
place,  many  die  during  the  seedling  stage,  espe- 
cially if  drought  conditions  exist  simultaneously. 

The  excellent  to  good  suitability  rating  for 
soil  salinity  and  sodium  are  those  levels  that 
should  result  in  little  or  no  difficulty  in  estab- 
lishing stands  of  plants  usually  used  for  revege- 
tation  and  would  qualify  for  "prime-land"  cate- 
gory, with  respect  to  salinity  and  sodium.  Also, 
little  or  no  decrease  in  plant  production  after 
stand  establishment  would  be  expected  as  a  re- 
sult of  soil  salinity  or  exchangeable  sodium. 
Lower  levels  of  salt  and  sodium  are  recommended 
for  A  horizon  topsoil  placed  on  the  surface. 
Higher  salt  levels  can  be  tolerated  in  the  lower 
depth  because  plants  usually  increase  in  salt  tol- 
erance after  establishment.  Lower  exchangeable 
sodium  levels  are  recommended  for  A  horizon 
topsoil  or  topsoil  substitute  because  the  soil  sur- 
face is  critical  for  maintenance  of  good  water- 
soil-plant  relationships.  It  is  necessary  to  main- 
tain an  acceptable  infiltration  rate  to  prevent  ex- 
cessive runoff  and  erosion  especially  on  steep 
slopes,  a  10  percent  Exchangeable  Sodium  Per- 
centage (ESP)  probably  will  not  be  significant  in 
reducing  infiltration  rates  especially  on  sandy- 
textured  soils.  Some  downward  movement  of 
exchangeable  sodium  can  be  expected,  however, 
even  in  arid  areas.  Downward  movement  of  ex- 
changeable sodium  can  affect  the  permeability 
of  subsoil  layers.  Also,  translocation  of  clay  can 
be  initiated  at  relatively  low  Exchangeable  So- 
dium Percentage  (ESP)  levels  with  rainwater. 
Translocation  of  clay  would  reduce  the  moisture 
retention  of  the  surface  soil  and  reduce  the 
permeability  of  lower  depths.  Loss  of  clay  from 
the  surface  layer  could  result  in  an  increased 
wind-erosion  susceptibility.  Thus,  the  long-term 
effects  of  ESP  may  be  more  important  than  im- 
mediate effects. 

The  "fair"  suitability  rating  for  salinity 
levels  is  in  the  range  where  difficulties  in  estab- 
lishing a  stand  under  nonirrigated  conditions  and 
reduced  plant  production  might  be  expected,  es- 
pecially if  agronomic  species  were  grown.  The 


"fair"  rating  for  exchangeable  sodium  would  be 
in  the  range  where  some  adverse  effects  on  phys- 
ical properties  might  be  expected,  especially  on 
finer-texture  materials.  Expected  adverse  effects 
might  be  reduced  infiltration  and  permeability, 
reduced  aggregation,  and  increased  water  or 
wind  erosion.  Migration  of  salt  or  sodium,  either 
upward  by  capillarity  or  downward  by  leaching, 
is  possible  also. 

The  "undesirable"  rating  does  not  neces- 
sarily mean  that  the  soil  or  overburden  could 
not  be  used.  It  may  be  that  the  material  repre- 
sents the  "best  available"  in  some  cases.  It  does 
mean,  however,  that  it  would  probably  be  neces- 
sary to  develop  water  for  irrigation  and  to  use 
amelioration  procedures  to  decrease  salt  and/or 
exchangeable  sodium  to  levels  that  would  insure 
successful  revegetation.  An  arbitrary  upper  limit 
of  30  percent  exchangeable  sodium  was  imposed 
for  economic  considerations;  the  application  of 
amendments  and  leaching  to  dissolve  the  amend- 
ments is  a  costly  and  time-consuming  process. 
For  example,  about  1.7  tons  of  gypsum  (100 
percent  purity)  per  acre  are  necessary  to  reduce 
exchangeable  sodium  by  1  meq/100  g  in  a  1-ft 
depth  of  soil.  On  the  average,  it  will  require  that 
about  a  1  to  1 .4  ft  depth  of  water  be  applied  per 
acre  to  dissolve  the  1.7  tons  of  gypsum  so  that 
calcium  can  replace  sodium.  An  amendment, 
such  as  calcium  chloride,  is  much  more  soluble 
but  it  is  also  much  more  expensive  than  gypsum. 
The  water  requirement  for  leaching  of  soil  salts 
alone  is  usually  much  lower  than  for  dissolving 
an  amendment. 

As  with  other  aspects  of  strip-mine  reclama- 
tion, considerable  site-specific  judgment  needs 
to  be  exercised. 

Soil  and  Geological  Overburden 
Textural  Relationships 

Texture  is  an  important  soil  property  to 
evaluate  in  surface  mine  reclamation  planning. 
In  general,  texture  should  not  be  examined  from 
the  standpoint  of  sand,  silt,  and  clay  distribution, 
per  se,  but  the  evaluation  should  be  based  upon 
several  important  properties  that  are  closely  re- 
lated to  texture.  A  list  of  factors  affected  by  or 
related  to  texture  are  given  in  table  17.  A  gen- 
eralized rating  for  each  property  is  given  for 
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each  textuial  class.  Textures  most  suitable  or 
amenable  to  reclamation  and  revegetation  gen- 
erally fall  between  the  sandy  loam  to  clay  loam 
textures.  However,  a  primary  consideration 
should  also  be  maintenance  of  the  integrity  of 
the  soil  profile  developed  under  natural  condi- 
tions, in  so  far  as  possible.  Thus,  criteria  for  de- 
termination of  suitability  with  respect  to  texture 
is  largely  "site-specific"  and  rigid  guidelines  can- 
not easily  be  made.  It  is  suggested  that  an  at- 
tempt be  made  to  rank  order  properties  of  dif- 
ferent materials  that  are  available  according  to 
relative  importance  for  a  specific  climatic  and 
topographical  setting  and  assign  a  score  to  each 

textural  class  available  as  topsoil,  subsoil,  or 
overburden  to  arrive  at  a  total  quantitative  score 
for  each  material  available.  The  material  with 
the  highest  quantitative  score  would  be  consid- 
ered as  most  suitable  at  that  specific  site.  Prop- 
erties to  evaluate  include  infiltration,  permeabil- 
ity, structures,  water  holding  capacity,  stoniness, 
salt  and  exchangeable  sodium,  surface  crusting 
susceptibility,  wind  and  water  erosion  suscepti- 
bility, fertility,  and  possibly  others.  Salt  and  ex- 
changeable sodium  ratings  and  erosion  equations 
are  discussed  in  another  section.  The  amount  of 
different  materials  available  for  regrading  or  soil 
reconstruction  is  also  an  important  factor  to  be 
considered.  Qualitative  suitability  ratings  of 
several  factors  were  used  by  McKall  and  Associ- 
ates (1978)  to  obtain  an  overall  rating  of  soil 
suitability  forstripmine  rehabilitation. 

The  "slaking  test"  (table  14)  is  used  to 
evaluate  consolidated  overburden  as  a  potential 
soil  substitute  material.  If  65  percent  or  more  of 
the  consolidated  core  sample  passes  through  a 
5-mm  sieve  opening  after  being  wet  under  vac- 
uum and  then  shaken  for  15  minutes  in  a  hori- 
zontal shaker,  it  can  be  considered  that  the  strata 
will  weather  rapidly  and  be  suitable  as  plant 
growth  media.  The  infiltration  and/or  permeabil- 
ity of  soil  and  overburden  materials  after  distur- 
bance are  difficult  to  predict  except  on  a  general 
basis  of  texture  or  to  measure  after  regrading.  It 
is  expected  that  infiltration  and  permeability  of 
soil  materials  will  be  higher  than  measured  values 
in  the  field  after  regrading  but  will  gradually  de- 
crease until  they  approach  the  value  obtained 
before  disturbance.  Laboratory  measurements  of 
"hydraulic  conductivity"  (table  14)  probably 
represent  the  best  approach  for  screening  differ- 


ent textured  overburden  materials.  The  "shrink- 
swell"  test  (table  14)  should  provide  additional 
information  for  evaluating  expected  permeability 
changes  under  saturated  conditions. 

The  following  general  rules  can  be  applied 
in  relation  to  other  texturally  related  properties. 
Field  capacity  gravimetric  moisture  content  can 
be  closely  estimated  as:  1/2  paste  saturation, 
percent.  Volumetric  field  capacity  can  be  esti- 
mated as:  gravimetric  moisture,  percent  times 
bulk  density.  Wilting  point  can  be  estimated  as: 
1/4  paste  saturation,  percent.  The  difference  be- 
tween field  capacity  moisture  content  and  wilt- 
ing point  can  be  used  as  an  estimate  of  "plant 
available  water". 

Better  plant  stands,  more  vigorous  growth, 
and  higher  production  of  plant  material  are  nor- 
mally obtained  on  A  horizon  topsoil  if  it  is  not 
mixed  with  subsoil  layers  or  overburden.  Germi- 
nation and  emergence  of  seedlings  are  usually 
better  on  a  coarse-textured  A  horizon  than  on  a 
structureless  fine-textured  A  horizon,  unless 
moisture  is  very  limiting.  Fine-textured  materials 
have  a  greater  tendency  to  form  surface  crusts, 
which  decrease  the  emergence  of  seedlings. 

In  general,  a  fine-textured  A  horizon  should 
be  stripped  and  stockpiled  separately  from  finer- 
textured  textural  B  and/or  C  horizons  even 
though  the  A  horizon  is  relatively  thin.  Mixing  a 
textural  B  horizon  (B2t)  with  a  fine-textured  A 

horizon,  for  example  a  clay  loam,  is  apt  to 
markedly  decrease  water  infiltration  and  increase 
erosion.  Mixing  a  textural  B  horizon  with  a 
greater  or  equal  amount  of  sandy  A  horizon 
usually  will  not  decrease  infiltration  to  seriously 
low  rates  and  may  be  beneficial  by  increasing 
moisture  retention  capacity. 

Other  considerations  with  respect  to  soil 
profile  reconstruction  during  regrading  opera- 
tions are  as  follows.  In  general,  a  coarser-textured 
A  horizon  placed  over  a  finer-textured  subsoil  is 
more  suitable  for  promoting  surface  infiltration 
and  for  maximizing  moisture  storage  while  re- 
ducing surface  runoff  and  erosion.  Placing  mate- 
rials with  a  large  textural  difference  over  one 
another  is  undesirable,  especially  fine-textured 
material  over  coarse-textured  material,  because 
it  acts  to  interrupt  downward  moisture  flow  and 
creates  "perched  water  tables".  Compacted  zones 
should  be  eliminated  when  placing  one  material 
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over  another  because  compaction  impedes  mois- 
ture flow. 

illustrations  of  regrading  operations,  seed 
bed  preparation,  and  various  erosion  control 
techniques  are  shown  in  publications  by  Mills 
and  Clar  (1976)  and  USDA  Soil  Conservation 
Service  (1977). 

Mineralogical  Relationships 

Pyrite  mineralogy.  —  Pyrite  (FeS2),  formed 

in  overburden  materials  under  reducing  condi- 
tions, oxidizes  to  form  sulfuric  acid  when  ex- 
posed to  atmospheric  oxygen  or  oxygenated 
waters.  The  rate  of  this  reaction  is  increased  as 
the  particle  size  of  the  pyrite  decreases  and  in 
the  presence  of  sulfur-oxidizing  bacteria  (species 
of  Th/obac///us).  Framboidal  pyrite,  a  fine-grained 
pyrite  occurring  in  aggregates  of  individual  crys- 
tals, usually  <  2  ju  in  size,  oxidizes  rapidly  where- 
as large  crystals  react  slowly.  The  overall  reac- 
tion is  shown  in  equation  1  below.  When  soil 
and  overburden  contains  alkaline  earth  carbon- 
ates, such  as  lime,  the  acidity  produced  by  pyrite 
is  neutralized  as  shown  in  equation  2. 

(1) 

2FeS2  +  7-/2  O2  +  4H2O  ^  4H2SO4  +  Fe203 

(2) 

H2SO4  +  CaC03     ^^^^    ^^4  "    ^^2  +  H2O 

Pyrite  is  detected  in  overburden  materials 
by  the  qualitative  method  of  Neckers  and  Walker 
(1952).  The  total  acid  potential  of  py rite-bearing 
strata  is  quantitatively  determined  by  analysis 
for  total  sulfur  (Bardsley  and  Lancaster  1965) 
from  which  gypsum  and  water  soluble  sulfates 
are  subtracted.  The  acid  neutralization  potential 
is  determined  on  the  basis  of  the  overburden 
lime  content.  An  "acid-base  account"  procedure 
(Smith  and  others  1976)  is  used  to  determine 
whether  sufficient  lime  is  present  to  neutralize 
the  total  potential  acidity.  Thus,  pyrite  in  over- 
burden materials  should  not  be  present  in 
amounts  sufficient  to  produce  acid  soil  and  acid 
drainage  water  if  overburden  is  used  as  a  soil 
substitute  or  is  in  contact  with  regraded  subsoil. 
Prevention  of  acid  soil  formation  is  especially 
important  because  heavy  metals,  in  general,  be- 


come more  available  to  plants  and  heavy  metal 
concentrations  increase  in  ground  water  as  the 
soil  becomes  more  acidic.  Also,  if  the  sulfuric 
acid  produced  by  pyrite-oxidation  is  neutralized 
by  lime,  this  can  result  in  detrimental  effects  on 
ground  water  by  raising  the  salinity  content  as 
soluble  calcium  and  sulfate  ions.  The  bicarbonate 
ion  content  may  be  reduced,  however.  A  more 
thorough  discussion  of  acidity  development  fol- 
lows in  volume  II. 

C/ay  mineralogy.  —  Swelling  or  expanding 
(2:1  type)  clay  minerals  in  soils  and  geologic 
overburden  with  excessive  absorbed  sodium 
undergo  dispersion  and  decrease  soil  permeabil- 
ity to  a  greater  degree  than  nonswelling  clays. 
Identification  and  quantification  of  the  less  than 
2  11  clay  mineral  fraction  could  be  used  as  an  ad- 
ditional criteria  for  determining  critical  ex- 
changeable sodium  levels.  If  the  soil  clay  contains 
more  than  65  percent  2:1  lattice  swelling  clays, 
lower  limits  of  ESP  could  be  imposed  for  the 
particular  suitability  class.  Clay  mineral  analysis 
can  be  helpful  in  determining  the  suitability  of 
overburden  as  a  soil  substitute.  Overburden  with 
a  combination  of  both  nonswelling  and  swelling 
clays  would  be  preferable  for  soil  profile  recon- 
struction. 

It  is  recommended  that  clay  mineral  ana- 
lyses be  run  on  only  a  few  cores  per  site.  Lateral 
variation  in  the  clay  mineral  suite  is  generally 
not  great  within  the  area  of  a  proposed  surface 
mine.  The  possibility  exists  for  greater  vertical 
variation  within  different  depositional  strata  or 
rock  formations. 

Sandstone  mineralogy.  —  Microscopic  ex- 
amination of  thin  section  samples  of  sandstone 
overburden  units,  although  not  a  common  prac- 
tice, can  provide  useful  data  to  aid  in  the  correla- 
tion of  overburden  strata  and  to  supplement 
other  physical  and  chemical  data  on  the  friabil- 
ity, resistance  to  mechanical  breakdown,  weather- 
ability,  and  pyrite  content  of  these  units.  Little 
work  has  been  completed  on  the  petrographic 
characteristics  of  overburden  in  the  western 
states.  Studies  of  the  mineralogical  and  textural 
characteristics  and  weatherability  of  Eocene 
(Wasatch)  sandstones  of  the  Powder  River  Basin, 
Wyoming,  are  presently  under  way  by  the 
authors  of  this  report.  In  the  Eastern  United 
States,  petrographic  studies  of  Pennsylvanian 
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Age  Sandstones  by  Grube  and  others  (1972) 
have  revealed  that  some  aspects  of  geologic  over- 
burden that  are  important  to  mine  land  reclama- 
tion. 

Petrographic  studies  of  the  Lower  Mahoning 
sandstone,  coupled  with  determination  of  the 
total  sulfur  content  of  pulverized  samples  re- 
vealed sufficient  pyrite  free  rock  material  to 
place  in  the  oxidation  zone  of  spoil  heaps  to 
avoid  acid  pollution.  These  studies  also  reveal 
abundant  sandstone  at  depths  below  6  m  that 
contain  highly  toxic  materials  that  would  pro- 
duce prolonged  sources  of  acid  water  pollution 
unless  protected  from  oxidation  by  deep  burial 
or  other  means  (Grube  and  others  1972). 

Petrographic  studies  of  the  material  filling 
the  pore  spaces  between  framework  grains  of 
sandstones  revealed  that  moderately  calcareous 
sandstones  while  hard  at  the  time  of  excavation, 
will  break  down  relatively  rapidly  when  left  near 
the  surface  so  that  circulating  waters  are  able  to 
remove  the  carbonate  cement.  Sandstones  with 
argillaceous  parting  and  clay  matrix  may  also  be 
hard  at  the  time  of  excavation  but  will  disinte- 
grate rapidly  near  the  surface.  The  argillaceous 
sandstone  are  particularly  useful  where  addi- 
tional sand  would  be  beneficial  in  the  soil 
(Smith  and  others  1974). 

Trace  Element  Toxicity 
Relationships 

Zinc  and  iron  were  considered  in  a  general 
way  from  the  standpoint  of  deficiency  to  plants 
in  section  a.  These  same  elements,  with  the  ex- 
ception of  iron,  as  well  as  other  trace  elements 
(some  of  which  are  necessary  for  plant  growth 
and  others  which  are  not)  are  discussed  further 
in  this  section  because  of  their  environmental 
importance.  In  addition  to  some  of  these  ele- 
ments being  important  as  required  plant  nutri- 
ents, they  are  also  of  concern  from  the  stand- 
point of  toxicity  to  plants,  animals  and  humans. 

The  trace  elements  considered  in  this  sec- 
tion do  not  include  all  elements  having  potential 
impact  on  the  environment.  Those  included  are 
recognized  as  perhaps  being  the  most  important 
and/or  likely  to  be  a  problem.  In  general,  interest 
in  trace  elements  tends  to  be  based  on  the  fol- 
lowing: 


1.  Those  that  are  toxic  to  plants  and/or 
animals  (boron,  selenium,  and  molybdenum). 

2.  Those  that  are  toxic  to  fish  (zinc). 

3.  Those  that  are  toxic  to  humans  and 
animals  (selenium,  arsenic,  cadmium,  and  nickel). 

This  is  not  to  say  that  other  elements  may 
not  be  of  importance.  Those  listed  are  of  highest 
interests,  however,  and,  in  general,  may  be  the 
most  likely  to  occur  in  quantities  in  available 
forms  to  plants  and  animals  to  cause  problems. 

Evaluation  of  potential  trace  element  prob- 
lems is  complicated  by  the  same  sets  of  factors 
as  those  we  find  associated  in  soil  fertility  evalu- 
ations. Although  plant  uptake  of  these  metals  is 
one  criterion  for  assessing  their  effects,  different 
plants  take  up  different  quantities  and  the  avail- 
ability of  these  elements  to  plants  and  their  mo- 
bility in  environment  is  controlled  by  soil  pH, 
drainage,  moisture  regime,  and  amount  present  in 
the  soil.  Also,  nutrient  interactions  within  the 
plant  and/or  animal  control  whether  or  not  de- 
ficiency and/or  toxicity  may  occur.  Toxicity 
levels  for  plants,  animals,  and  in  soils  have  been 
reported  for  some  elements,  while  critical  levels 
for  other  elements  have  not  yet  been  established. 

Evaluation  of  trace  element  and  plant  nu- 
trient relationships  for  geologic  overburden  is 
further  complicated  by  the  fact  that  if  the  deeply 
buried  materials,  that  are  relatively  unaltered, 
are  brought  closer  to  the  surface  and  subjected 
to  the  natural  bio-geochemical  weathering  proc- 
ess, significant  changes  may  occur  in  their  chem- 
ical and  physical  properties  through  time.  These 
changes  may  not  be  identifiable  either  through 
"total"  or  "available"  chemical  analysis  per- 
formed on  fresh  materials. 

Geologic  material  identification  through 
mineralogical  analyses  can  be  a  useful  tool  for 
identifying  minerals  having  weathering  reaction 
products  that  might  be  significant  to  the  plant- 
soil-water  environments.  If  mineralogical  analyses 
are  not  performed,  then  other  measures  are 
needed  to  identify  potential  changes  in  geologic 
materials  as  a  result  of  weathering,  i.e.,  long 
term  leaching  effects  and  plant  growth  and  plant 
tissue  analyses. 

It  appears  that  a  logical  approach  to  the 
problem  at  the  present  time  is  (1 )  to  know  some- 
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thing  about  the  kinds  of  soil  or  geologic  mate- 
rials in  which  these  elements  are  likely  to  occur 
in  high  amounts,  (2)  to  make  some  arbitrary  as- 
sessment as  to  the  availability  of  these  elements 
to  plants  and/or  animals  based  on  an  interpreta- 
tion of  the  soil  systems  that  occur  or  are  likely 
to  occur  on  the  site,  and  (3)  if  a  problem  is  sus- 
pected, to  make  an  appropriate  choice  of  a 
chemical  extractant  which  will  indicate 'the  po- 
tential availability  to  plants  and/or  mobility  of 
the  element  in  the  bio-geochemical  environment. 

The  data  provided  in  table  18  show,  in  gen- 
eral, the  amounts  of  some  trace  elements  found 
in  rocks  that  form  soil  parent  materials.  This  in- 
formation enables  us  to  anticipate  with  some  de- 
gree of  confidence  the  approximate  amount  of  a 
trace  element  that  might  be  present  if  we  identify 
the  nature  of  the  geologic  material(s)  with  which 
we  are  working. 

In  addition,  the  data  in  table  18  identifies 
the  soil  conditions  in  which  the  various  trace  ele- 
ments may  be  potentially  more  available  to 
plants,  and  also  more  mobile  in  the  soil,  and 
thus  subject  to  leaching. 

Soil  Erosion  Relationships 

Some  accepted  procedures  for  evaluating 
wind  and  water  erosion  potential,  and  identify- 
ing regraded  and  stockpiled  areas  follows: 

The  methods  discussed  have  certain  limita- 
tions. It  is  suggested  that  the  references  listed  be 
carefully  reviewed  to  ensure  that  the  methods 
are  not  misinterpreted  relative  to  their  applica- 
bility for  assessing  erosion  for  a  given  condition. 
The  procedures  outlined  can  be  an  excellent  tool 
for  assessing  the  relative  erosion  potential  that 
might  exist,  but  must  be  used  with  discrimina- 
tion and  with  adequate  background  information 
relative  to  the  values  that  are  used  for  assessing 
the  impact  of  a  particular  variable. 

Wind  erosion.  —  Overall  susceptibility  to 
wind  erosion  has  been  demonstrated  to  be  the 
result  of  a  number  of  variables  and  has  been  ex- 
pressed in  the  form  of  the  equation 

E    =  f  (I  K  C  L  V) 


where: 

E  =  the  predicted  average  annual  soil  loss  1^ 
expressed  in  tons/acre/year. 

I  =  soil  erodibility.  This  is  the  inherent 
potential  of  the  soil  to  erode  under  a  "bare"  sur- 
face condition. 

K  =  a  soil  surface  roughness  factor.  Many 
times,  roughening  of  the  soil  surface  by  mechan- 
ical means  can,  on  some  soils,  completely  stop 
wind  erosion  for  at  least  a  short  term  period. 
This  factor  should  be  seriously  considered  as  a 
"short  term"  practice  as  part  of  an  erosion  con- 
trol plan.  Guides  are  available  for  calculating  sur- 
face roughness  for  specific  site  situations.  This 
practice  would  be  most  useful  on  soils  having 
"moderate"  wind  erosion  susceptibility  because 
they  generally  leave  a  cloddy,  as  well  as  roughed 
surface  condition  after  treatment,  both  of  which 
are  effective  in  controlling  wind  erosion. 

C  =  climatic  factor.  This  factor  is  evaluated 
based  on  the  average  wind  velocity  and  on  the 
precipitation-evaporation  index  for  a  given  area. 

L  =  The  unsheltered  distance  along  the 
prevailing  wind  direction.  Attempts  should  be 
made  to  avoid  creating  unsheltered  or  bare  soil 
areas  which  are  moist  subject  to  prevailing  winds. 
For  example,  creating  a  bare  area  on  the  wind- 
ward side  of  a  knoll  greatly  increases  susceptibil- 
ity to  wind  erosion  and  stabilization  procedures 
would  have  to  recognize  this  situation  if  it  exists. 
Otherwise,  stabilization  efforts  often  will  fail. 

V  =  vegetative  cover.  This  variable  in 
wind  erosion  evaluation  considers  three  condi- 
tions: (1)  quantity  of  residue,  (2)  kind  of  resi- 
due, and  (3)  the  orientation  of  the  residue. 

Water  erosion.  —  Factors  important  for 
evaluating  water  erosion  potential  and  a  basis  for 
developing  erosion  control  management  practices 
have  also  been  combined  in  the  form  of  the  fol- 
lowing equation-like  expression: 

A  =RKLSCP 
where: 

A  =  computed  soil  loss  expressed  in  tons/  |^ 
acre/year. 
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R  =  the  rainfall  factor.  An  index  which  is 
the  measure  of  the  erosive  force  of  specific  rain- 
fall. This  value  can  be  expressed  as  a  mean  over 
an  annual  period  or  for  short  periods  of  time. 

K  =  the  soil  erodibility  factor.  A  relative 
value  expressed  from  0  to  1.0  which  reflects 
the  inherent  potential  of  soil  to  erode  by  water 
when  exposed. 

LS  =  slope  length  and  degree  factor. 

C    =  crop  cover  or  management  factor. 

P  =  erosion  control  practice  factor  such 
as  contouring,  terracing,  etc. 

Numerical  values  for  each  of  the  six  factors  have 
been  determined  from  field  experience  and  re- 
search data.  Values  for  use  in  the  wind  erosion 
equation  also  are  available  (USDA  Soil  Conserva- 
tion Service  1977  a,  b,  c). 

Developing  a  Soil  and  Geologic 
Overburden  Laboratory 
Characterization  Program 

The  main  objective  in  developing  a  soil  and 
geologic  overburden  laboratory  characterization 
program  is  to  avoid  mass  sample  characterization 
by  minimizing  the  number  and/or  kinds  of  ana- 
lyses that  are  performed.  This  is  done  without 
sacrificing  quality  and  kinds  of  data  needed  for 
making  the  assessments  necessary. 

The  Bureau  of  Reclamation,  U.S.  Depart- 
ment of  the  Interior,  has  for  many  years  based 
the  level  and  intensity  of  laboratory  characteri- 
zation on  an  approach  called  "screenable  soil 
characterization  as  related  to  land  reclamation" 
(personal  communication,  Mr.  Richard  Piper, 
U.S.  Bureau  of  Reclamation,  Denver,  Colo.).  In 
screenable  characterization  a  multiphase  pro- 
gram is  developed  which  minimizes  the  number 
and  kinds  of  analyses  to  be  performed.  This  ap- 
proach emphasizes  that  the  number  and  types  of 
laboratory  studies  to  be  carried  out  will  be  de- 
termined by  area  conditions,  particularly  varia- 
bility of  soils  and  land  types,  and  the  controlling 
specifications  and  needs.  Thus,  the  laboratory 
characterization  must  be  coordinated  from  the 
very  beginning  with  the  field  investigations.  Using 
this  concept,  the  information  in  table  19  was  de- 
veloped as  an  example  for  determining  data  needs 


for  evaluating  soil  and/or  geologic  overburden 
material  as  plant  growth  media  and  effects  on 
environmental  quality.  The  approach,  as  pre- 
sented in  table  19,  may  require  modification 
based  on  present  Federal,  State,  and  local  regu- 
lations, as  well  as  particular  site  characteristics. 
It  does,  however,  provide  a  basic  framework  for 
developing  a  data  needs  plan. 

Interpretation  and 
Application  of  Ground  and 
Surface  Water  Data 

The  interpretation  and  uses  of  ground  and 
surface  water  data  relative  to  surface  mining  are 
highly  site  specific.  Here  it  is  possible  to  provide 
only  general  guidelines  and  procedures.  A  gen- 
eral description  of  research  and  interpretation 
procedures  for  ground  water  and  ground  water 
chemistry  is  provided  by  Freeze  and  Cherry 
(1979). 

SURFACE  AND  GROUND 
WATER  QUALITY 

An  important  purpose  of  collecting  data  on 
the  quality  of  surface  and  ground  waters  is  to 
provide  a  baseline  from  which  changes  attribut- 
able to  mining  can  be  detected.  For  purposes  of 
premining  and  postmining  planning  and  decision 
making,  it  is  necessary  to  identify  and  under- 
stand, quantitatively,  the  role  that  the  study  site 
plays  in  determining  the  quality  of  waters  used 
internal  and  external  to  the  study  site.  Only 
then  is  it  possible  to  rationally  project  potential 
changes  caused  by  the  mining  operations.  A 
number  of  specific  steps  must  be  accomplished. 

A  first  step  is  to  combine  the  water  quality 
data  with  the  estimated  discharges  of  ground 
and  surface  waters  to  determine  chemical  dis- 
charge from  the  site  to  potential  receiving  waters. 
The  chemical  discharge  can  be  computed  in 
terms  of  specific  ions  of  particular  concern,  in 
terms  of  total  dissolved  solids,  or  both.  Knowl- 
edge of  the  quality  and  discharge  of  the  receiv- 
ing waters  below  the  points  of  inflow  from  the 
study  site  assist  in  determining  the  contribution 
from  the  study  area.  The  framework  in  which 
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Table  19.  —  Example  of  an  approach  for  determining  interpretative  data  needs 


Situation  Data  needs 


A.    Soil  resources 


1.  Identify  current  soil  resource 
status. 

a.     I mportant  and  prime 
farmlands. 


b.     Land  capability. 


a.  Federal  Register  (Jan.  31 ,  1 978)  and  any  State  criteria  available 
through  the  Soil  Consea'ation  Service  (SCS). 

b.  Identif\'  management  practices  needed  to  maintain  or  increase 
productivit\'  b\'  utilizing  existing  soil  and  land  interpretive  classifi- 
cations utilized  by  the  SCS,  the  United  States  Bureau  of  Reclamation, 
and  other  agencies. 


2.  Determine  plant  growth 
media  potential  of  given  soil 
resource. 


3.  Determine  current  and 
potential  erosion. 


a.  Soil  isopach  maps  developed  from  soil  in\'entory  are  used  to 
determine  distributions  and  extent  of  soil  materials. 

b.  Laboratory  analyses  needed  to  determine  quality  of  soil  re- 
sources: salinity,  sodium,  pH,  organic  matter,  texture,  available  N,  P 
and  K,  percent  calcium  carbonate,  and  percent  saturation  (water). 
Other  laboratorv  analyses  for  trace  elements  or  heavv  metals  in  the 
soil  should  be  considered  dependent  on  tvpe  of  material  and  in 
which  soil  has  developed  and  the  chemical  status  of  existing  soil 
systems.  Table  1  8  shows  normal  levels  in  rock  and  soils.  This  will  aid 
in  determining  whether  or  not  particular  elements  may  be  suspect. 

Variables  for  determining  wind  and  water  erosion  should  be  identified 
lUSDA  Soil  Conservation  Service  1977"a,b,c). 


B.    Geologic  overburden  resouces 


4.  Evaluate  geologic  overbur- 
den for  plant  growth  media.  (This 
step  would  be  carried  out  if  the 
soil  resource  evaluation  indicates 
that  it  is  necessary  to  utilize  these 
materials  as  plant  growth  media.) 


5.  Evaluate  geologic  overbur- 
den for  environmental  concerns 
such  as  placement  effects  on 
ground  water  quality. 


a.  Identify  distribution  and  extent  of  geologic  strata  from  litholog- 
ical  core  data.  Sampling  according  to  variances  as  shown  by  litho- 
logica  core  characterization. 

b.  Laboraton,' anaK'ses  of  select  geologic  overburden  to  determine 
quality  as  a  plant  growth  media:  salinity,  sodium,  pH,  organic  matter, 
texture,  available  N  and  P,  pyrite,  percent  saturation  'wateri,  percent 
calcium  carbonate,  percent  gypsum,  and  erosion  potential. 

Select  geologic  overburden  to  determine  effect  on  environmental 
quality:  salinity,  sodium,  pH,  organic  matter,  pyrite,  percent  calcium 
carbonate,  and  percent  gypsum.  Additional  analyses  forotherfactors 
such  as  heavy  metals  can  initially  be  determined  based  on  the  data 
shown  in  table  1  8. 
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the  analysis  is  applied  is  that  of  a  combined  ex- 
pression for  water  and  chemical  mass  balance 
(Rowe  and  McWhorter  1978;  Kunkle  1965; 
Pinder  and  Jones  1969;  Visocky  1970).  it  is 
sometimes  possible  to  refine  estimates  of  surface 
and  ground  water  inflow  to  the  receiving  waters 
by  this  procedure.  For  example,  suppose  the  dis- 
charge and  total  dissolved  solids  (TDS)  concen- 
tration are  measured  at  both  ends  of  a  stream 
reach  receiving  ground  and  surface  water  inflows 
from  the  area  of  concern.  The  measured  gain  of 
water  over  the  reach  must  be  accountable  by 
surface  and  ground  water  inflows,  taking  into  ac- 
count such  factors  as  diversions,  evaporation, 
and  transpiration.  Similarly,  the  measured  gain 
in  chemical  discharge  (TDS  multiplied  by  water 
discharge)  must  be  accountable  by  chemical  dis- 
charge from  surface  and  ground  water  inflows. 
Ideally,  an  overall  balance  of  both  water  and 
chemical  discharge  should  be  achieved.  This  is 
rarely  possible  without  making  reasonable  adjust- 
ments of  contributing  factors.  Often  it  is  advan- 
tageous to  perform  such  analyses  for  selected 
sub  areas  and  reaches  of  receiving  waters  and 
over  selected  time  intervals,  when  one  or  more 
contributing  factors  can  be  set  to  zero. 

Once  a  satisfactory  water  and  chemical  bal- 
ance has  been  achieved,  the  investigator  is  in  a 
position  to  predict  how  the  quality  and  quantity 
of  the  receiving  waters  will  be  changed  by 
changes  in  the  quality  and  quantity  of  inflow 
from  the  study  area.  At  this  point  it  is  necessary 
to  estimate  the  changes  that  can  reasonably  be 
expected  to  occur  as  the  result  of  mining.  Among 
the  factors  that  must  be  considered  are  changes 
in  recharge  and  storage  as  a  result  of  mining,  in- 
terception of  surface  and  ground  water  by  the 
pit,  changes  in  evapotranspiration,  modifications 
of  the  routes  and  quantities  of  surface  runoff, 
and  the  pick  up  of  additional  contaminants. 

Accurately  predicting  such  changes  is  diffi- 
cult, and  only  some  very  general  guidelines  can 
be  provided.  Discussion  of  potential  changes  in 
the  quantities  of  recharge,  ground  and  surface 
water  runoff,  and  evapotranspiration  are  con- 
tained in  the  next  subsection.  The  following  is  a 
brief  presentation  of  one  method  for  estimating 
postmining  quality  of  combined  surface  and 
ground  water  runoff. 


The  disturbance  of  the  naturally  occurring 
sequence  of  strata  exposes  fresh  surfaces  for 
contact  by  water  and,  therefore,  enhances  the 
opportunity  for  water  to  pick  up  additional 
soluble  materials.  Experience  at  one  site  in 
Colorado  showed  that  the  TDS  concentration 
(as  indicated  by  electrical  conductivity)  in  water 
that  had  passed  through  the  spoils  was  about 
equal  to  that  in  extracts  from  saturated  samples 
of  the  spoil  (Rowe  and  McWhorter  1978).  Other 
experience  in  Montana  and  North  Dakota  has 
not  verified  the  equality  of  these  measurements, 
however.  The  present  state  of  knowledge  seems 
to  support  only  the  rough  rule  of  thumb  that 
the  dissolved  solids  concentration  in  spoil  water 
will  be  on  the  order  of  1  to  3  times  the  concen- 
tration in  extracts  from  saturated  pastes  prepared 
from  the  overburden  (Rowe  and  McWhorter 
1978;  Van  Voase  1978). 

In  general,  the  quality  (with  respect  to  dis- 
solved solids)  of  overland  flow  from  disturbed 
lands  is  not  greatly  different  from  that  in  the  un- 
disturbed state  (Rowe  and  McWhorter  1978), 
This  is  particularly  true  if  existing  topsoil  is  re- 
placed on  the  spoils  following  mining.  Appar- 
ently, pick  up  of  dissolved  solids  by  overland 
flow  is  not  as  great  as  for  subsurface  flows  be- 
cause the  thin  layer  of  material  in  contact  with 
overland  flow  is  rapidly  leached  and,  because  of 
smaller  contact  times,  among  other  reasons. 

Rowe  and  McWhorter  (1978)  present  a 
simple  model  based  upon  the  concepts  of  mass 
balance  described  in  the  foregoing  paragraphs 
that  may  be  useful  for  making  rough  estimates 
of  the  anticipated  effect  of  mining  on  the  TDS 
in  combined  surface  and  ground  water  runoff. 
Their  model  is 

■^"^   sn  sn     ^'  sn'  gn       sm  sm 

p  _   "^sm^^gm  

^~  1  +  KR 

where: 

P^     =  the  mean  TDS  in  combined  surface 

and  groundwater  runoff  from  the  total  watershed 
comprised  of  both  mined  and  natural  lands. 

K  =  The  ratio  of  total  drainage  per  unit 
area  (including  both  surface  and  ground  water 
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runoff)  on  the  undisturbed  portion  of  the  water- 
shed to  the  total  drainage  per  unit  area  from  the 
mined  land. 

R  =  The  ratio  of  the  area  of  undisturbed 
land  to  the  area  disrupted  by  mining. 

'^sm  ~  mean  TDS  concentration  in  surface 
runoff  from  the  mined  area. 

Pg^  ~  mean  TDS  concentration  in  ground 
water  runoff  from  the  mined  area. 

^sm  ~  fraction  of  total  drainage  from 
mined  area  that  is  overland  flow. 

^sn  ~  mean  TDS  concentration  in  surface 
runoff  from  the  natural  area  of  the  watershed. 
PgP  =  mean  TDS  concentration  in  ground 

water  runoff  from  the  natural  area  of  the  water- 
shed. 

f^^  =  the  fraction  of  total  drainage  from 
the  natural  area  that  is  overland  flow. 

This  model  is  based  on  the  assumption  of  zero 
net  change  in  watershed  storage  and,  therefore, 
all  parameters  represent  means  over  a  period  for 
which  this  assumption  is  approximately  true.  A 
minimum  of  1  year  is  recommended. 

A  brief  example  follows.  Suppose  that  pre- 
mine  monitoring  of  the  quality  and  quantity  of 
ground  and  surface  water  flows  on  the  water- 
shed to  be  mined  yielded  P^^  =210  mg/I,  Pg^ 

=  900  mg/I,  and  that  f^^  =  0.10.  Also,  satura- 
tion extracts  prepared  from  overburden  samples 
exhibited  a  mean  TDS  of  2  300  mg/1,  from  which 
it  is  estimated  that  the  TDS  of  ground  water  in 
the  spoils  will  be  4  600  mg/I.  Thus,  Pg^  -  4  600 

mg/I.  Topsoiling  is  planned  so  it  is  resonable  to 
assume  P^^  =  P^^  =  210  mg/I.  Reclamation 

plans  call  for  revegetation  that  can  be  expected 
to  be  about  equal  to  the  premining  vegetation. 
Grading  of  the  mined  lands  is  not  expected  to 
reproduce  the  premining  drainage  patterns, 
however.  Numerous  small  basins  with  no  outlet 
are  formed  and  this  causes  reduced  surface  run- 
off, longer  surface  retention  of  water,  and  in- 
creased infiltration  opportunity  relative  to  un- 
disturbed land.  Thus,  it  is  anticipated  that  total 


combined  surface  and  ground  water  runoff  from 
the  mined  land  will  be  reduced  relative  to  the 
undisturbed  area  by  15  percent.  This  yileds 
K  =  1/0.85  =  1.18.  The  difference  is  accounted 
for  by  increased  transpiration  by  plants  due  to 
the  increased  quantity  of  water  available  in  the 
root  zone.  Also,  because  of  the  lack  of  good  sur- 
face drainage  on  the  regraded  mined  land,  it  is 
estimated  that  the  fraction  of  total  drainage 
from  the  mined  land  that  is  overland  flow  will  be 
reduced  relative  to  the  natural  condition.  There- 
fore, f^^  is  set  equal  to  0.05.  Finally,  the  mining 

plans  call  for  22  percent  of  the  watershed  to  be 
mined.  This  yields  R  =  0.78/0.22  =  3.55. 

Values  for  all  of  the  parameters  on  the 
right  side  of  the  equation  are  now  available.  Sub- 
stituting and  carrying  out  the  computations 
yields  P^-  =  1  515  mg/I.  This  is  the  anticipated 

postmining  value  for  the  mean  annual,  discharge 
weighted,  TDS  concentration  in  total  drainage 
from  the  watershed  in  which  the  mine  is  located. 
The  corresponding  premining  value  is  831  mg/I . 
In  this  case,  mining  22  percent  of  the  watershed 
nearly  doubles  the  mean  TDS  concentration  in 
the  watershed  drainage. 

The  foregoing  is  a  demonstration  of  one 
way  in  which  water  quality  and  overburden  data 
can  be  utilized  in  premine  planning  and  decision 
making.  The  model  is  not  applicable  in  all  cases, 
of  course,  and  other  analysis  procedures  may  be 
required  for  particular  studies. 

Water  quality  data  is  sometimes  very  useful 
for  assisting  in  the  understanding  of  the  subsur- 
face hydrologic  system.  For  example,  the  pro- 
portion of  surface  water  and  ground  water  in  the 
discharge  of  a  pumping  well  can  sometimes  be 
determined  by  knowing  the  quality  of  the  sur- 
face water,  the  quality  of  the  unmixed  ground 
water,  and  the  quality  and  discharge  of  the  mix- 
ture from  the  well  (Hem  1970).  Sudden  changes 
in  water  quality  during  a  pumping  test  can  some- 
times be  interpreted  as  contributions  from  dif- 
ferent zones  with  dissimilar  water  quality.  Water 
quality  in  different  zones  may  provide  insight 
into  the  degree  of  interconnection  between  ad- 
jacent aquifer  zones,  as  another  example. 
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PIEZOMETRIC  SURFACE  MAPS 
AND  FLUCTUATIONS 

Ground  water  level  data  from  a  network  of 
observation  wells  can  be  used  to  construct  piezo- 
metric  surface  and  water  table  maps.  Such  maps 
are  prepared  by  connecting  points  of  equal  water 
level  elevation  to  form  a  pattern  of  contours 
similar  to  those  on  a  topographic  map.  These 
maps  provide  information  concerning  ground 
water  flow  direction,  quantities  of  flow  (when 
combined  with  transmissivity),  and  likely  areas 
of  recharge  and  discharge.  Geologic  information 
on  stratigraphy,  structure,  faults,  etc.,  should  be 
fully  utilized  during  the  preparation  and  inter- 
pretation of  piezometric  surface  maps. 

An  important  use  of  such  maps  is  to  com- 
pute the  quantities  of  ground  water  entering  and 
leaving  the  study  area,  or  possibly,  to  and  from 
surface  water  bodies.  These  quantities  are  re- 
quired for  use  in  the  water  and  chemical  mass 
balances  discussed  in  the  previous  subsection. 
Premining  flow  patterns,  displayed  as  a  piezo- 
metric map,  are  an  aid  to  the  determination  of 
inflow  to  the  mining  pit,  the  estimation  of  the 
area  over  which  the  piezometric  surface  can  be 
expected  to  be  disturbed  in  both  the  mining  and 
postmining  phases,  and  the  postmining  flow  pat- 
tern. The  elevation  of  water  levels  in  wells  rela- 
tive to  the  elevation  of  streams,  ponds,  springs, 
etc.,  often  provides  the  most  significant  informa- 
tion available  concerning  the  interrelationships 
between  surface  and  ground  waters.  Similarly, 
relative  elevation  of  water  levels  in  different 
aquifers  at  the  same  location  provides  informa- 
tion on  the  degree  of  hydraulic  interconnection 
between  aquifers,  especially  when  one  of  the 
aquifers  is  being  pumped. 

Figure  14  is  an  example  of  a  piezometric 
surface  map  prepared  for  and  overburden  aquifer 
at  a  potential  mine  site.  The  direction  of  ground 
water  flow  is  toward  the  northeast  in  this  case. 
Comparision  of  piezometric  surface  elevations  in 
the  potential  mine  area  with  those  in  a  shallow 
alluvial  aquifer  adjacent  to  the  site  on  the  east 
and  north  sides  indicated  that  ground  water  dis- 
charged from  the  potential  mine  site  into  the 
alluvial  aquifer.  The  gradient  (slope)  of  the 
piezometric  surface  is  about  0.006.  These  data, 
together  with  measured  values  for  transmissivity 


of  7x10  ft  per  min,  and  the  area  through 
which  flow  is  occurring,  yields  an  estimated  5.4 
acre-ft/yr  of  ground  water  discharge  into  the 
alluvial  aquifer.  Knowledge  of  the  quality  of  the 
ground  water  in  the  overburden  aquifer  and  the 
alluvial  aquifer  permits  the  estimation  of  the  in- 
fluence of  the  overburden  waters  on  both  the 
quantity  and  quality  of  the  waters  contained  in 
the  alluvial  aquifer. 

Water  level  fluctuations  can  sometimes  be 
used  to  estimate  recharge  when  values  for  the 
storage  coefficient  or  apparent  specific  yield  are 
known.  Multiplying  the  observed  change  in  water 
level  by  the  storage  coefficient  or  the  apparent 
specific  yield  gives  the  volume  of  water  per  unit 
area  that  has  been  added  or  removed  from  the  | 
aquifer.  Factors  other  than  recharge  and  dis- 
charge sometimes  cause  water  levels  in  wells  to 
fluctuate,  however.  Barometric  pressure  changes 
often  cause  water  levels  in  wells  penetrating  con- 
fined aquifers  to  change  by  as  much  as  several 
centimeters.  Water  levels  should  be  correlated 
with  barometric  pressure  and  precipitation  to 
help  assure  a  correct  interpretation. 

Figure  15  shows  measured  water  levels  in 
three  wells  in  a  potential  mine  site.  The  fluctua- 
tions apparent  in  the  lower  two  graphs  correlate 
well  with  each  other,  and  these  short  term  fluc- 
tuations represent  response  to  atmospheric  pres- 
sure fluctuations  indicating  that  both  wells  are 
completed  in  a  confined  aquifer.  The  upper 
graph  shows  the  water  level  in  a  well  penetrating 
an  unconfined  aquifer  in  the  same  area.  The  con- 
clusions drawn  from  these  records  was  substan- 
tiated by  geophysical  and  geological  data  at  the 
site.  The  time  period  over  which  these  data  were 
collected  is  too  short  to  draw  any  conclusions 
concerning  the  indicated  trends  relative  to  re- 
charge or  discharge.  Nevertheless,  this  example 
demonstrates  how  water  level  fluctuation  data 
can  assist  in  the  interpretation  of  geologic  and 
geophysical  information. 

ANALYSIS  OF  AQUIFER  TEST 
DATA 

it  is  apparent  from  the  discussions  in  the 
foregoing  subsections  that  values  of  transmis- 
sivity, storage  coefficient,  and  apparent  specific 
yield  are  required  for  several  of  the  computa- 
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Figure  14.  Piezometric  surface  of  overburden  aquifer  in  October  1978. 
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tions.  Other  important  questions  such  as  mine 
inflow,  the  extent  of  disturbance  of  the  piezo- 
metric  surface,  and  recovery  time  also  require 
knowledge  of  the  hydraulic  coefficients.  The  use 
of  the  hydraulic  coefficients  in  such  calculations 
is  outlined  subsequently.  In  the  present  subsec- 
tion, the  analysis  of  the  aquifer  test  data  from 
which  the  coefficients  are  derived  is  discussed. 

Aquifer  test  data  analysis  involves  the 
graphical  transformation  of  raw  field  data  into 
calculated  values  of  the  aquifer  parameters 
(Stallman  1971).  These  aquifer  parameters  may 
be  obtained  from  the  observation  of  two  rela- 
tionships that  occur  during  an  aquifer  test 
(Johnson,  Inc.  1 974):  (1 )  The  rate  of  drawdown 
with  respect  to  time  at  any  point  within  the 
cone  of  depression  (time-drawdown  graph);  and 
(2)  shape  and  position  of  the  cone  of  depression 
with  respect  to  distance  at  some  time  during  the 
aquifer  test  (distance-drawdown  graph). 

The  Theis,  Jacob,  recovery,  and  slug  test 
methods  are  based  on  observation  of  the  time- 
drawdown  relationship,  and  the  distance-draw- 
down test  method  is  based  on  observations  of 
the  distance-drawdown  relationship.  All  methods 
of  aquifer  test  data  analysis  discussed  herein  are 
based  on  the  following  assumptions  (Stallman 
1971;  Johnson,  Inc.  1972). 

1.  The  aquifer  is  homogeneous  and  iso- 
tropic. 

2.  The  aquifer  is  of  uniform  thickness. 

3.  The  pumping  well  completely  pene- 
trates the  aquifer. 

4.  The  natural  ground  water  gradient  is 
negligible. 

5.  Laminar  flow  conditions  exist  through- 
out the  aquifer. 

6.  The  aquifer  is  of  infinite  areal  extent. 

7.  The  well  has  been  properly  developed. 

8.  The  well  discharge  is  equal  to  the  aqui- 
fer discharge. 


The  impact  of  boundary  effects  and  well 
development  on  aquifer  test  data  analysis  is  dis- 
cussed later.  Certain  additional  assumptions  are 
invoked  for  particular  types  of  analyses. 

Theis  analysis  (adapted  from  IVlcWhorter 
and  Sunada  1977).  —  The  Theis  method  of  aqui- 
fer test  analysis  uses  the  following  procedures: 

1.  On    transparent   log-log  paper,  plot 

drawdown  vs  r  /t  (r  is  the  distance  between  the 
pumping  and  observation  wells).  This  is  known 
as  the  field  curve. 

2.  From  table  20  prepare  a  log-log  plot  of 
W(u)  vs  u.  This  is  known  as  the  type  curve.  Note: 
both  the  field  and  type  curves  must  be  plotted 
on  the  same  size  log-log  paper. 

3.  Superimpose  the  field  curve  over -the 
type  curve,  keeping  both  axes  parallel.  Adjust 
the  position  of  the  field  curve  until  a  best  fit  is 
made  between  the  field  data  and  the  type  curve. 

4.  Select  any  arbitrary  "match"  point 
and  record  its  related  coordinates  W(u),  u  from 

the  type  curve  and  s,  r  /t  from  the  field  curve 
(fig.  16). 

5.  The  values  of  W(u),  u,  s,  r  /t  corre- 
sponding to  the  match  point  are  inserted  into 
the  following  formulas  to  determine  the  trans- 
missivity  and  storage  coefficient  (or  apparent 
specific  yield): 

-y-  ^  QW(u)  ^  ^  4Ttu 

477  s  ^2 

where: 

Q        =  well  discharge  during  the  pump 
test 

s  =  drawdown 

S         =  storage  coefficient  or  apparent 
specific  yield 

T         =  transmissivity 

r         =  distance  between  pumping  and 
observation  wells 

W(u),u  =  match   point  coordinates  from 
the  type  curve. 
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Figure  16.  Matching  the  type  curve  with  draw- 
down data. 


Example  (McWhorter  and  Sunada  1 977) 

Estimate  the  transmissivity  and  apparent 
specific  yield  of  an  aquifer  from  the  following 
data. 


r  =  20  m 

Q  = 

1.872 

m  /min 

s(meters) 

0.025 

0.050 

0.055 

0.110 

r^/t  (m  /min) 

88.9 

53.3 

47.1 

25.0 

s  0.170 

0.180 

0.220 

0.300 

0.370 

r^/t  16.7 

15.1 

11.1 

6.25 

4.12 

s  0.450 

0.530 

0.620 

0.640 

0.650 

r^/t  2.47 

1.55 

0.98 

0.82 

0.78 

Following  the  procedures  described  previ- 
ously, the  data  are  plotted  on  log-log  paper  then 
superimposed  on  the  type  curve.  Figure  16  illus- 
trates the  field  curve  superimposed  on  the  type 
curve  with  a  selected  match  point.  The  match 
point  coordinates  are: 

W(u)  -  1.0,  u  =  0.1,  s  =  0.183,  r2/t  =  6.2. 

From  before, 

^QW(u)^  (1.872)  (1.0) 
47rs  477(0.183) 

=  0.814  m^/min 


T 


_£rtLi_  4(0.814)  (0.1)_oo.. 
2  6.2 


In  addition  to  the  assumptions  listed  prev- 
ously,  this  method  assumes  that  the  aquifer  dis- 
charge is  constant.  In  applications  where  the 
transmissivity  is  very  low,  the  aquifer  discharge 
to  the  well  may  not  be  constant,  even  for  a  con- 
stant pump  discharge.  This  is  because  the  pump 
derives  a  portion  of  its  discharge  from  water 
standing  in  the  well  bore.  Correction  of  the 
pump  discharge,  using  measured  drawdowns  in 
the  pumped  well,  may  be  necessary  to  determine 
an  acceptably  accurate  value  for  Q  in  the  above 
equations. 

Jacob  analysis  (adapted  from  McWhorter 
and  Sunada  1977).  —  The  Jacob  method  is  sub- 
ject to  the  same  restrictions  as  the  Theis  analysis. 
An  additional  restriction  imposed  on  this  meth- 
od is  that  the  test  must  be  conducted  for  a  suf- 
ficiently long  time  such  that  u  <0.01 ,  where 

9 

u  =  r  /4at  and  a  =  T/S  for  confined  aquifers; 
a  =  T/Sy^  for  unconfined  aquifers. 

The  Jacob  method  uses  the  following  pro- 
cedures. 

1.  Using  semi-log  paper,  plot  drawdown 
on  the  coordinate  axis  vs.  time  on  the  logarithmic 
axis  (fig.  17).  The  plot  will  be  a  straight  line  if 
the  test  was  conducted  for  a  sufficiently  long 
period. 

2.  From  this  plot,  compute  the  change  in 
drawdown  over  one  log  cycle. 

3.  The  change  in  drawdown  over  one  log 
cycle  is  inserted  into  the  following  equation 
along  with  the  other  field  data  to  determine 
transmissivity. 

T  =  2.303Q/47rAs 

where: 

Q     =  discharge 

As    =  change  in  drawdown  over  one  log 
cycle. 

4.  To  determine  the  storage  coefficient  or 
apparent  specific  yield,  extrapolate  the  straight 
line  portion  of  the  data  plot  to  the  horizontal 
axis  (s=0).  Determine  the  value  of  t^  where  the 

straight  line  intersects  the  horizontal  axis. 

5.  Insert  the  value  of  t^  along  with  the 
appropriate  data  into  the  following  formula: 
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Figure  17.  Example  of  the  Jacob  method  for 
determining  aquifer  properties. 


S  =  2.246TtQ/r^ 
where: 

r      =  radial  distance  between  the  observa- 
tion well  and  the  pumping  well 

T     =  transmissivity  determined  previ- 
ously 

t^     =  time  where  drawdown  =  0 

S      =  storage  coefficient  (confined)  or  ap- 
parent specific  yield  (unconfined). 

Example  (McWhorter  and  Sunada  1977) 

Given  the  following  data,  determine  the 
transmissivity  and  the  storage  coefficient. 


r  =  61  m 


Q  =  1 .844  m^/min 


t(min) 

1 

2 

3 

4 

5 

s(meters) 

0.200 

0.300 

0.370 

0.415 

0.450 

t  6 

8 

10 

12 

14 

18 

s  0.485 

0.530 

0.570 

0.600 

0.635 

0.670 

t  24 

30 

40 

50 

60 

80 

s  0.720 

0.760 

0.810 

0.850 

0.875 

0.925 

t  100 

120 

150 

180 

210 

240 

s  0.965 

1.000 

1.045 

1.070 

1.100 

1.120 

The  data  are  plotted  as  shown  in  fig.  17.  From 
the  foregoing, 


T  =  2.303Q/47rAs 

=  [2.303(1. 894)]/[47r(0.4)] 

=  0.868  m^/min. 

Extrapolation  of  the  straight  line  yields  t^  =  0.4 
minutes  at  s  =  0. 


S  =  2.246TtQ/r2 

=  [2(2.246)(0.868)(0.4)]/(61)2 
=  2.0x10-4. 

Before  we  can  accept  these  results,  we  must  be 
sure  that  u^^O.Ol.  For  a  confined  aquifer  u 

=  Sr  /4Tt.  The  minimum  test  duration  time  for 

which    u<0.01    is    given    by    t   =  r^S/4Tu 

=  [(61)2(2.0xl0-4)]/[4(0.868)(0.01)]  =  21 
min.  Therefore,  only  data  points  for  t>21  min 
should  be  used  in  the  determination  of  the 
straight  line.  Using  data  for  which  u<0.01  causes 
a  deviation  of  about  6  percent  from  the  Theis 
analysis  results. 

Because  of  the  restriction  that  u  must  be 
less  than  0.01  for  the  Jacob  method  of  analysis 
to  be  applicable,  this  procedure  is  usually  used 
to  analyze  drawdown  data  collected  on  the 
pumped  well  itself.  Thus,  it  is  often  used  for  the 
analysis  of  data  from  the  drawdown/specific  ca- 
pacity type  test  that  was  discussed  previously. 
Again,  well-bore  storage  is  likely  to  be  a  signifi- 
cant source  of  error  in  very  tight  aquifers,  unless 
the  pump  discharge  is  appropriately  corrected. 

Specific  capacity  analysis  (adapted  from 
Walton  1970;  USDI  1977).  -  No  attempt  is 
made  in  this  method  to  obtain  values  for  the 
storage  coefficient  or  apparent  specific  yield. 
Rather  the  procedure  is  to  estimate  an  appropri- 
ate value  for  the  storage  coefficient  based  upon 
whether  the  aquifer  is  confined  or  unconfined, 
and  from  experience  in  the  area  (if  any).  A 

storage  coefficient  of  10"'^  and  an  apparent  spe- 
cific yield  of  0.1  will  suffice,  if  no  information  is 
available.  Transmissivity  T  is  plotted  against  cor- 
responding values  for  specific  capacity  Qjs  on 
log-log  paper  from  the  equation 

Q/s  -  4T/[ln  (~^  -  0.5772)], 
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Figure  18.  Water  levels  in  a  recovery  test. 

using  the  estimated  value  for  S  and  a  number  of 
arbitrary  values  of  T.  The  radius  of  the  well  is 
r^.  The  value  of  time  used  in  the  computation  is 

the  pumping  time  at  which  the  drawdown  s  was 
measured.  The  value  of  transmissivity  that  cor- 
responds to  the  observed  specific  capacity  is 
read  from  the  graph. 

The  USD!  (1977)  reference  presents  a  table 
from  which  the  transmissivity  can  be  estimated 
from  knowledge  of  only  specific  capacity.  The 
value  so  obtained  is  only  a  rough  estimate. 

Recovery  test  analysis  (adapted  from 
McWhorter  and  Sunada  1977).  —  The  recovery 
test  is  conducted  immediately  after  the  pump  is 
shut  off  at  the  end  of  the  pump  test.  An  addi- 
tional restriction  imposed  on  this  method  is  that 
the  value  of  u  must  be  less  than  0.01,  where 

u  =  r  /4at  as  stated  previously. 

The  recovery  test  uses  the  following  pro- 
cedures: 

1.  Record  the  total  length  of  pumping 
time  when  the  pump  is  shut  off  (tp). 

2.  Using ■  semi-log  paper,  plot  drawdown 
on  the  coordinate  axisvs  t/t-tp  on  the  logarithmic 

axis  (fig.  18).  Note,  t  is  the  time  since  pumping 
began,  tp  is  the  total  pumping  time  (t>tp). 

3.  From  this  plot,  compute  the  change  in 
drawdown  over  one  log  cycle. 

4.  Insert  the  change  in  drawdown  over 
one  log  cycle  into  the  following  equation  to  de- 
termine transmissivity: 

T  =  2.303Q/47rAs 


5.  To  determine  the  storage  coefficient  or 
apparent  specific  yields,  extrapolate  the  straight 
line  portion  of  the  data  plot  to  the  horizontal 
axis.  Determine  t^  at  the  intersection  of  the 
straight  line  and  horizontal  axis. 

6.  Insert  the  value  of  t^  into  the  follow- 
ing formula: 

S  =  2.246Tto/r2 

where: 

r        =  distance  between  observation  and 
pumping  wells 

T       =  transmissivity 

t^  time  when  drawndown  =  0 

S        =  apparent  specific  yield  or  storage 
coefficient. 


Example  (McWhorter  and  Sunada  1977) 

Given  the  following  data  determine  the 
transmissivity  and  the  storage  coefficient. 


Q  =  1.79  m^ 

/min,  r 

=  4.6  m 

,  pumping 

time  tp 

=  443  min. 

s(meters)  1.640 

1.595 

1.535 

1.490 

1.445 

t(min)  443.5 

444 

444.5 

445 

445.5 

s      1.400  1.305 

1.235 

1.200 

1.060 

0.930 

t      446  447 

447.5 

448.5 

451 

455 

s      0.845  0.755 

0.700 

0.590 

0.521 

0.451 

t      459  464 

469 

479 

489 

499 

s  0.384 
t  514 

Calculate  t/t-tp  for  each  of  the  above  data  points 
and  plot  as  shown  in  fig.  1  8.  From  the  foregoing, 
T  =  2.303Q/47rAs 

=  [2.303(1.79)2/[47r(0.58)l 

=  0.566  m  /min. 

Extrapolation  of  the  straight  line  yields  t/t-tp 
=  2.2  min.  From  before, 

S  =  2.246TtQ/r2 

=  [2.246(0.566)(2.2)]/(4.6)2    =  0.13. 
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Figure  19.  Response  to  a  slug  injection. 

Again  the  pump  discharge  may  require  correc- 
tion to  determine  an  appropriate  value  for  Q  in 
tight  aquifers. 

Slug  test  analysis.  —  Three  methods  of  slug 
test  analysis  as  proposed  by  Papadopulos  and 
others  (1973),  Cooper  and  others  (1967),  and 
by  Hvorslov  (1951), are  treated  in  this  section. 

The  method  proposed  by  Papadopulos  and 
others  (1973)  is  as  follows  (adapted  from 
McWhorter  and  Sunada  1977). 

1.  On  rectangular  coordinate  paper  plot 
the  residual  buildup  of  the  water  level  due  to  a 
slug  injection  vs  inverse  time  (fig.  19). 

2.  Select  any  arbitrary  point  on  the  curve 
of  -s  vs  l/t.  The  coordinate  of  the  point  (-5,  l/t) 
is  inserted  into  the  following  equation  to  deter- 
mine T. 

T  =  V/47rt(-5) 

where: 

V  =  slug  volume 
t  =  time 

s  =  buildup  due  to  the  slug  injection. 

Example  (McWhorter  and  Sunada  1 977) 

Determine  the  transmissivity  from  the  fol- 
lowing data. 

V  =  0.148  m^ 


-5(cm)        7  9       7  5       5-]       52  4.9 
l/t(min-'')  0.800   0.750   0.667   0.521  0.461 

-s  4.6      4.3       3.7      3.4      3.0  2.8 
l/t  0.435   0.413   0.361    0.333   0.300  0.265 

-5   2.4       2.1       1.8       1.5       1.2  0.9 
l/t  0.231    0.212  0.183   0.146   0.117  0.077 

These  data  are  plotted  on  coordinate  paper  as 
shown  in  fig.  19.  A  point  on  the  line  is  fig.  19 
is  selected  arbitrarily;  in  this  case  the  coordinates 
of  the  point  are  -s=  6.3  cm,  l/t  =  0.6.  From  the 
foregoing, 

T  =  V/47rt(-s) 

=  0.148/[47r(0.6)(6.3/100) 

=  0.1 1  m-^/min. 

Note  this  method  does  not  provide  a  reliable  de- 
termination of  the  storage  coefficient  (Cooper 
and  others  1967)  and  does  not  account  for 
changes  in  well-bore  storage. 

The  method  of  analysis  as  proposed  by 
Cooper  and  others  (1967)  is  as  follows. 

1.  On  semi-log  paper  plot  H/H^  on  the 

arithmetic  axis  vs  time  on  logarithmic  axis  (field 
curve)  where 

=  the  buildup  of  the  water  level  at 
time  t=0  due  to  a  slug  injection, 

H       =  the  residual  water  table  buildup 
some  time  t  after  injection. 

2.  From  table  21  prepare  a  semi-log  plot 
of  H/Hq  vs  Tt/r^  (type  curve),  where  r  =  radius 
of  well  casing,  T  =  transmissivity,  and  t  =  time. 

3.  Superimpose  the  field  curve  on  the 
type  curve  keeping  the  horizontal  axes  coinci- 
dent. Adjust  the  position  of  the  field  curve  so  as 
to  achieve  the  best  fit  of  data  to  the  type  curves 
(see  fig.  20). 

4.  Select  an  arbitrary  "match"  point  and 
read  the  corresponding  values  of  t  (from  the 

field  curve)  and  Tt/r   (from  the  type  curve). 

5.  Insert  the  corresponding  match  point 

values  for  t  and  Tt/r  into  the  following  equa- 
tion and  solve  for  T. 
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Table  21.  —  Values  of  H/Hq  for  a  Well  of  Finite  Diameter  (from  Cooper  and  others  1967). 


H/Ho 

JilTc^  a=  lO-''  a=  10-2  a  =  10-3  a=  a=  1 Q-^ 


1.00 

X 

10-3 

0.9771 

0.9920 

0.9969 

0.9985 

0.9992 

2.15 

X 

10-3 

0.9658 

0.9876 

0.9949 

0.9974 

0.9985 

4.64 

X 

10-3 

0.9490 

0.9807 

0.9914 

0.9954 

0.9970 

1.00 

X 

10-2 

0.9238 

0.9693 

0.9853 

0.9915 

0.9942 

2.15 

X 

10-2 

0.8860 

0.9505 

0.9744 

0.9841 

0.9888 

4.64 

X 

10-2 

0.8293 

0.9187 

0.9545 

0.9701 

0.9781 

1.00 

X 

10-1 

0.7460 

0.8655 

0.9183 

0.9434 

0.9572 

2.15 

X 

10-1 

0.6289 

0.7782 

0.8538 

0.8935 

0.9167 

4.64 

X 

10-1 

0.4782 

0.6436 

0.7436 

0.8031 

0.8410 

1.00 

X 

10° 

0.3117 

0.4598 

0.5729 

0.6520 

0.7080 

2.15 

X 

10° 

0.1665 

0.2597 

0.3543 

0.4364 

0.5038 

4.64 

X 

10° 

0.07415 

0.1086 

0.1554 

0.2082 

0.2620 

7.00 

X 

10° 

0.04625 

0.06204 

0.08519 

0.1161 

0.1521 

1.00 

X 

101 

0.03065 

0.03780 

0.04821 

0.06355 

0.08378 

1.40 

X 

101 

0.02092 

0.02414 

0.02844 

0.03492 

0.04426 

2.15 

X 

101 

0.01297 

0.01414 

0.01545 

0.01723 

0.01999 

3.00 

X 

101 

0.009070 

0.009615 

0.01016 

0.01083 

0.01169 

4.64 

X 

101 

0.005711 

0.005919 

0.006111 

0.006319 

0.006554 

7.00 

X 

101 

0.003722 

0.003809 

0.003884 

0.003962 

0.004046 

1.00 

X 

102 

0.002577 

0.002618 

0.002653 

0.002688 

0.002725 

2.15 

X 

102 

0.001179 

0.001187 

0.001194 

0.001201 

0.001208 

1  0 


Table  22.  —  Rise  of  water  level  in  Dawsonville 
well  after  simultaneous  withdrawal 
of  weighted  float  {r-7.6  cm)  (from 
Cooper  and  others  1967). 


Msec)         \li  Head(m)       H  (m)         HI  Ho 


-1 

0 

896 

0 

0 

336 

0 

560 

1.000 

3 

0.333 

0 

439 

0 

457 

0.816 

6 

0.167 

0 

504 

0 

392 

0.700 

9 

0.111 

0 

551 

0 

345 

0.616 

12 

0.0833 

0 

588 

0 

308 

0.550 

15 

0.0667 

0 

616 

0 

280 

0.500 

18 

0.0556 

0 

644 

0 

252 

0.450 

21 

0.0476 

0 

672 

0 

224 

0.400 

24 

0.0417 

0 

691 

0 

205 

0.366 

27 

0.0370 

0 

709 

0 

187 

0.334 

30 

0.0333 

0 

728 

0 

168 

0.300 

33 

0.0303 

0 

747 

0 

149 

0.266 

36 

0.0278 

0 

756 

0 

140 

0.250 

39 

0.0256 

0 

765 

0 

131 

0.234 

42 

0.0238 

0 

784 

0 

112 

0.200 

45 

0.0222 

0 

788 

0 

108 

0.193 

48 

0.0208 

0 

803 

0 

093 

0.166 

51 

0.0196 

0 

807 

0 

089 

0.159 

54 

0.0185 

0 

814 

0 

082 

0.146 

57 

0.0175 

0 

821 

0 

075 

0.134 

60 

0.0167 

0 

825 

0 

071 

0.127 

63 

0.0159 

0 

831 

0 

065 

0.116 

t  (sec  ) 


Figure  20.  Plot  of  data  from  test  at  Dawsonville, 
Georgia,  superposed  on  type  curve  (from  Cooper 
and  others  1967). 
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Figure  21.  Time  lag  plot. 


T 

where: 
T 
r 
t 


[(Tt/r2)r2]/t 


=  transmissivity 

=  well  casing  radius 

-  time  coordinate  on  the  field  curve 
of  the  match  point 

9  9 
Tt/r    =  the  value  of  Tt/r    on  the  type 

curve  corresponding  to  the  match 

point. 

Example  (Cooper  and  others  1 967) 

Given  the  test  data  listed  in  table  22,  deter- 
mine the  transmissivity.  A  plot  of  H/Hq  vs  t 

superimposed  on  the  type  curve  is  shown  in  fig. 
20.  The  coordinates  of  the  match  point  are  de- 
termined from  fig.  20  to  be  Tt/r^  =  1 .0,  t  =  1 1 
sec.  From  the  foregoing, 

T  =  [(Tt/r2)r2]/t=[1(7.6)2]/11 

9  4  9 

=  5.3  cm  /sec  =  5.3x1 0    m  /min. 


O'OL 


10 


20  30 
TIME  (minufes) 


Figure  22.  Plot  the  buildup  H  vs  time. 

Note:  this  method  does  not  provide  a  reliable  de- 
termination of  the  storage  coefficient,  S  (Cooper 
and  others  1967). 

Slug  test  as  proposed  by  Hvorslev  (1951)  is 
as  follows: 

1.  On  semi-log  paper  plot  H/H^  on  the 
logarithmic  axis  vs  time  on  the  arithmetic  axis  as 
shown  in  fig.  21.  H^,  the  buildup  of  water  level 
at  time  zero,  is  best  determined  as  follows.  Plot 
the  buildup  H  vs  time  on  semi-log  paper  as  il- 
lustrated in  fig.  22.  Extrapolate  the  straight  line 
position  of  the  plot  to  time  t=0  to  determine  H^, 
the  initial  buildup  due  to  a  slug  injection  at  time 
zero.  Once      is  determined,  values  of  H/H^  can 

be  calculated  and  plotted  as  in  fig.  21 . 
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Figure  23.  Curves  relating  coefficients  A,  B,  and 
C  to  Ur^. 


2.  From  the  semi-log  plot  of  H/H^  vs  t, 
determine  the  coordinates  of  t^,  the  time  lag, 
corresponding  to  H/Hq  =  0.37  (fig.  21 ). 

3.  Determine  the  coefficient  C  (fig.  23) 
corresponding  to  value  of  L/r^  derived  from  the 

well  construction  data  v^here  L  =  screen  length, 
r^  =  well  radius  or  radius  of  well  plus  the  gravel 

pack. 

4.  Insert  the  coefficient  C  into  the  fol- 
lowing equation  to  determine  In  R^/r^. 

V^-w  =  [  InH^/r^+ITr^l  (Bouwer 
and  Rice  1976) 
where       =  the  effective  radius  of  buildup,  r^ 

=  well  radius  or  radius  of  well  and  aquifer  pack 
(if  known),  L  =  screen  length,  and       =  distance 

between  the  bottom  of  the  well  and  the  static 
ground  water  surface  (see  fig.  24  for  the  relation 
between  H^,  r^,  L). 

5.  Insert  the  values  of  time  lag  (t[_),  1n 
Rg/r^,  and  the  well  casing  diameter  into  the  fol- 
lowing equation  to  determine  K  (for  completely 
penetrating  well). 


K  = 


d^ln  Rjr 


e'  w 


8Lt 


(Hvorslev  1951) 


where: 


=  well  casing  diameter 


WATER 


H 


2  r 


TABLE 


IMPERMEABLE 

Figure  24.  Geometry  and  symbols  of  a  partially 
penetrating,  partially  perforated  well  in  uncon- 
fined  aquifer  with  gravel  pack  or  developed  zone 
around  perforated  section. 


1n  Rg/r^  =  described  in  steps  3  and  4 

L  =  screen  length 

t  =  time 

K  =  hydraulic  conductivity. 
Example 

Given  the  following  well  construction  and 
slug  test  data,  determine  the  hydraulic  conduc- 
tivity. 


d  = 

0.42  ft,  L  - 

20  ft, 

r^-0.21  ft. 

=  94.08  ft. 

H(feet) 

3.27  2.94 

2.44 

2.01 

1.68 

1.39 

t(min) 

0.5  1.0 

2.0 

3.0 

4.0 

5.0 

H  1.24 

0.96  0.81 

0.68 

0.56 

0.38 

0.26 

t  6.0 

7.0  8.0 

9.0 

10.0 

12.0 

14.0 

H  0.18 

0.12  0.08 

0.05 

0.03 

0.02 

0.01 

t  16.0 

18.0  20.0 

25.0 

26.0 

30.0 

40.0 

A  plot  of  H  vs  t  is  shown  in  fig.  22.  is  deter- 
mined by  extrapolating  the  straight  portion  of 
this  plot  to  time  t=0.  From  fig.  22      =  3.58  ft. 
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Figure  25.  Effects  of  boundaries  on  drawdown  vs  time. 


lOOO  0 


The  time  lag  t|_  is  5.5  min  as  shown  in  fig.  21. 

From  fig.  22  the  value  of  C  corresponding  to 
L/r^  =  95.2  is  -  4.25.  From  before 


1n  Rjr^  =  [ 


1.1 


+ 


'InHJr^  L/r 


=  [ 


w  ■  w 

1.1 


w 


+ 


-1 


4.25 


-1 


1n  94.08/0.21  20/0.2r 
=  4.45. 

Therefore,  the  hydraulic  conductivity  is 
K  =  [d^ln  RjrJ/SLt^ 

=  [(0.42)2  (4.45)]/[8(20){5.25)] 

=  9.35  ft/min  =  1.35  ft/day. 

Note:  T  =  K"b  where  T  =  transmissivity,  K  =  hy- 
draulic conductivity,  and  b  =  aquifer  thickness, 
if  the  aquifer  thickness  is  the  same  as  the  screen 
length  (L=20ft),  then  the  transmissivity  is 

T  =  K  •  b  =  (1 .35)(20)  =  26.9  ft^/day. 


EFFECTS  OF  BOUNDARY 
CONDITIONS  AND  WELL 
CONSTRUCTION  ON  AQUIFER 
TEST  RESULTS 

Aquifer  boundary  conditions  are  rarely 
known  at  the  field  site  prior  to  conducting  the 
aquifer  test.  Any  boundary  effects  must  be 
recognized  by  the  field  investigator  in  order  to 
avoid  serious  errors  in  the  calculation  of  the 
aquifer  parameters.  Figures  25  and  26  illustrate 
the  effect  of  recharge  and  impervious  boundary 
conditions  on  the  time-drawdown  and  distance- 
drawdown  curves,  respectively.  The  effects  of 
these  boundary  conditions  are  summarized  in 
table  23  (Johnson,  Inc.  1974,  p.  132).  Recharge/ 
boundary  effects  may  be  caused  by  nearby  rivers 
or  lakes,  vertical  infiltration  from  overlying 
zones,  and  increases  in  aquifer  thickness  or  hy- 
draulic conductivity.  Impermeable  boundary  ef- 
fects may  be  caused  by  geologic  fault  zones,  de- 
crease in  aquifer  thickness  (pinch  out),  decrease 
in  hydraulic  conductivity,  and  impermeable  bed- 
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Table  23.  —  Comparisons  of  recharge  and  boundary  effects  on  semilog  diagrams 


Recharge  effect  during  pumping  test 
Time-drawdown  graph  Distance-drawdown  graph 


1 .  Slope  of  graph  becomes  flatter.  If  transmissibility  is 
calculated  on  the  basis  of  the  flatter  slope  it  will  be 
higher  than  the  true  value. 

2.  Extending  straight  line  of  flatter  slope  results  in  an 
erroneous  value  of  to  making  it  too  low.  A  calculation 
using  this  figure  gives  a  value  for  the  storage  coefficient 
that  is  smaller  than  the  correct  one. 


1.  Slope  of  straight  line  remains  almost  unchanged. 
Aquifer  transmissibility  calculated  from  the  graph  is 
usually  close  to  its  true  value. 

2.  Straight  line  is  displaced  upvsard.  Extension  to  zero 
drawdown  gives  a  value  of  rg  which  when  used  to 
compute  storage  coefficient  results  in  a  value  higher 
than  the  correct  one. 


Boundary  effect  during  pumping  test 
Time-drawdown  graph  Distance-drawdown  graph 


1 .  Slope  of  graph  becomes  steeper.  If  transmissibility 
is  calculated  on  the  basis  of  the  steeper  slope  it  will  be 
lower  than  the  true  value. 

2.  Extending  line  of  steeperslope  results  in  erroneous 
value  of  to  which  is  too  high.  A  calculation  using  this 
figure  gives  a  storage  coefficient  that  is  larger  than  its 
correct  value. 


1.  Slope  of  straight  line  remains  almost  unchanged. 
Aquifer  transmissibility  calculated  from  the  graph  is 
usually  close  to  its  true  value. 

2.  Straight  line  is  displaced  downward.  Extension  to 
zero  drawdown  gives  erroneous  value  of  ro  which 
makes  calculated  value  of  storage  coefficient  smaller 
than  the  correct  one. 
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Figure  26.  Effects  of  boundaries  on  drawdown 
vs  distance. 


rock.  If  boundary  effects  are  apparent  during 
the  aquifer  test,  then  the  aquifer  parameters 
must  be  determined  from  test  data  collected 
prior  to  the  time  the  boundary  effects  are  ob- 
servable in  the  data. 


Proper  well  construction  is  critically  im- 
portant if  the  aquifer  test  is  to  provide  data 
representative  of  the  aquifer.  The  follovv'ing  well 
design  and  construction  factors  contribute  to  ex- 
cessive drawdown  during  the  aquifer  test  (John- 
son, Inc.  1  974): 


area. 


1.  Well   screens  with   insufficient  open 

2.  Poor  distribution  of  well  screens. 

3.  insufficient  well  screen  length. 

4.  inadequate  well  development. 

5.  Improper  placement  of  the  well  screen. 

Any  one  of  these  factors  can  significantly  reduce 
the  calculated  values  of  transmissivity  or  hy- 
draulic conductivity. 

Example 

Once  the  hydraulic  coefficients  are  known, 
they  can  be  used  to  estimate  mine  inflow  and 
the  extent  to  which  the  piezometric  surface  is 
disturbed.  There  are  a  variety  of  ways  in  which 
this  can  be  accomplished  that  range  from  simple 
idealizations   to  application   of  sophisticated 
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Table  24.  —  Example  of  lateral  inflow  computation 


Time 

q 

Q2 

Q4 

Q5 

Qtotal 

Years 

ft3/ft-d 

ft3/d 

.25 

2.8 

4200 

- 

- 

- 

4200 

.50 

2.0 

3000 

4200 

— 

— 

— 

7200 

.75 

1.6 

2400 

3000 

4200 

— 

9600 

1.00 

1.4 

2100 

2400 

3000 

4200 

11700 

1 .25 

1 .3 

1950 

2100 

2400 

3000 

4200 

1  3650 

1.50 

1.2 

1800 

1950 

2100 

2400 

3000 

11250 

1.75 

1.1 

1650 

1800 

1950 

2100 

2400 

9900 

2.00 

1.0 

1500 

1650 

1800 

1950 

2100 

9000 

2.25 

0.95 

1425 

1500 

1650 

1800 

1950 

8325 

models.  The  following  is  an  example  when  the 
relatively  simple  idealization  of  one-dimensional 
inflow  to  a  pit  is  applicable. 

The  inflow  to  a  mine  pit  that  cuts  through 
an  aquifer  is  given  by 

q  =  2(12t/SyJhQ2)-l/2  +  q^  ^ 
where: 

q      =  inflow  discharge  per  unit  of  pit 
length  (both  sides) 

q^    =  natural  flow  in  undisturbed  aquifer 
per  unit  of  pit  length 

t      =  time  since  inflow  began 

S^^  =  apparent  specific  yield 

T     =  transmissivity 

h^    =  initial  saturated  thickness  of  aquifer. 

This  equation  is  a  special  case  of  a  more  general 
result  given  by  Bear  (1972).  The  discharge  pre- 
dicted by  this  equation  is  the  inflow  discharge 
per  unit  of  open  pit.  A  mining  plan  is  required 
to  convert  these  values  into  actual  discharges  to 
be  expected  at  any  time.  For  example,  suppose 

Sy^  =  0.05,  T  =  10  ft^/day,  h^  -  65  ft,  q^  =  0, 

and  the  mining  plan  calls  for  1,500  ft  of  pit  to 
be  open  every  3  months  until  a  total  pit  length 
of  7,500  ft  is  achieved  and  the  pit  length  is  con- 
stant thereafter.  Pit  inflow  as  a  function  of  time 
is  computed  by  calculating  the  inflow  from  each 
segment  of  the  pit,  marking  time  for  each  seg- 
ment from  the  time  that  the  segment  was 
opened.  The  contributions  from  each  segment  at 


any  time  after  the  opening  of  the  first  segment 
are  calculated  by  adding  the  contributions  from 
each  individual  section.  The  computations  are 
summarized  in  table  24.  Q  in  this  table  is  the  dis- 
charge per  unit  of  pit  length  (q)  multiplied  by 
the  length  of  the  open  segment.  The  subscripts 
refer  to  the  first,  second,  etc.,  segments  of  the 
pit.  Q^otal  represents  the  inflow  from  the  total 
length  of  open  pit  at  any  time.  The  maximum 

inflow  discharge  is  13,650  ft  /day  or  about  70 
gal/min  in  this  example. 

The  theory  leading  to  the  above  equation 
also  provides  a  means  for  estimating  the  distance 
from  the  pit  to  points  where  the  piezometric 
surface  remains  essentially  undisturbed.  The 
equation  is 

L  =  (3Tt/Syjl/2 

where  L  is  the  distance  from  the  pit  to  the  point 
where  the  drawdown  of  the  piezometric  surface 
is  zero.  Using  the  same  numbers  for  T  and  Sy^  as 

above,  this  equation  predicts  that  inflow  to  the 
pit  will  cause  the  piezometric  surface  to  be  de- 
pressed to  a  distance  of  about  0.5  miles  from  the 
pit  after  20  years. 

The  above  equations  and  computations  are 
presented  to  demonstrate  one  possible  use  of  the 
hydraulic  coefficients.  Other  uses  exist  and,  cer- 
tainly, there  are  many  other  ways  to  estimate  pit 
inflow  during  mining.  The  above  constitutes  an 
example,  not  a  recommendation. 

Effect  of  Abandoned  Mine  on  Piezometric 
Surface.  —  Another  aspect  that  is  sometimes  im- 
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portant  in  premine  planning  and  decision  mak- 
ing is  the  extent  to  which  the  original  piezometric 
surface  will  remain  disturbed  after  the  mine  is 
abandoned.  McWhorter  and  Rowe  (1  976)  and 
Hamilton  and  Wilson  (1977)  pro\'ide  approaches 
to  this  problem.  McWhorter  and  Rowe  (1976) 
idealize  the  abandoned  mine  area  as  a  circle  of 
radius  R  and  area  equal  to  the  actual  mined  area. 
Their  equation  for  the  distance  to  which  the 
postmining  piezometric  head  is  different  from 
the  premining  value  by  an  arbitrary  amount  is 


where: 

r  =  distance  from  the  center  of  the 
mined  area  to  points  where  post- 
mining  piezometric  head  is  differ- 
ent from  the  premining  value  by  an 
arbitrarily  small  fraction  equal  to  c. 

R     =  equivalent  radius  of  the  mined  area. 

c  =  ratio  of  the  difference  between  pre- 
mining and  postmining  values  of 
piezometric  head  to  the  premining 
value. 

Kq  =  hydraulic  conductivity  outside  the 
mined  area. 

Kj  =  hydraulic  conductivity  inside  the 
mined  area. 


Use  of  the  above  equation  requires  that 
both  Kq  and  Kj  are  known.  Prior  to  mining,  Kj 

is  not  known.  Ne\'ertheless,  the  maximum  dis- 
tance can  be  estimated  by  putting  Kj=0  or  Kj 
for  which 

r  =  R\  r 

For  example,  the  distance  to  which  the  postmin- 
ing piezometric  head  differs  from  the  premining 
value  by  10  percent  if  r  =  R/\  0.10  =  3R. 

The  analysis  also  permits  one  to  establish 
other  limiting  values  that  may  be  of  interest.  For 
example,  it  is  shown  that  the  maximum  width  of 
the  downstream  plume  of  ground  water  of  modi- 
fied quality  is  4R.  Also,  postmining  flow  through 
the  mined  area  can  be  no  greater  than  twice  the 
premining  flow  through  the  same  area,  regardless 
of  how  permeable  the  spoils  are  compared  to  the 
undisturbed  aquifer. 

•  The  conditions  under  which  the  foregoing 
analyses  are  made  are  highly  idealized  relative  to 
the  conditions  that  can  be  expected  to  prevail  in 
the  field.  The  results  should  be  expected  to  yield 
only  order-or-magnitude  estimates  of  the  extent 
to  which  the  long-term,  postmining  ground 
water  flow  differs  from  the  premining  condition. 
Hamilton  and  Wilson  (1977)  provide  results 
similar  to  those  discussed  abo\'e  for  a  variety  of 
mine  geometries. 
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SOURCES  OF  GEOLOGICAL,  HYDROLOGICAL,  SOILS, 

AND  RECLAMATION  DATA 

Abstracts  of  North  American  Geology,  monthly,  1966-1971.  U.S.  Geological  Survey,  Washington, 
D.C. 

Agronomy  Abstracts.  Abstracts  of  papers  presented  at  annual  meetings.  American  Society  of  Agron- 
omy. Madison,  Wisconsin. 

Annual  summaries  and/or  yearbooks  are  published  by  most  state  geological  surveys  or  bureaus. 

Beatty,  W.  B. 

1962.  Mineral  resources  data  in  the  western  states.  Stanford  Research  Institute,  Palo  Alto,  Cali- 
fornia. 

Black,  C.  A.  (ed.). 

1 965.  Methods  of  soil  analysis,  part  2.  American  Society  of  Agronomy  Monograph  No.  9. 

Chemical  Abstracts,  v^eekly.  American  Chemical  Society,  Columbus,  Ohio.  (Topics  include  minerals, 
mining,  geology,  and  specific  metals.) 

Chronic,  J .  B. 

1958.  Bibliography  of  theses  written  for  advanced  degrees  in  geology  and  related  sciences  at  uni- 
versities and  colleges  in  the  United  States  and  Canada  through  1957.  Pruett  Press,  Boulder, 
Colorado. 

Chronic,  J .  B. 

1964.  Bibliography  of  theses  in  geology,  1958-1963.  American  Geological  Institute,  Washington, 
D.C. 

Czapowskyj,  M.  W. 

1976.  Annotated  bibliography  on  the  ecology  and  reclamation  of  drastically  disturbed  areas. 
USDA  For.  Serv.  Gen.  Tech.  Rep.  NE-21 .  Northeast  For.  Exp.  Stn.  Upper  Darby,  Pa. 

Dalsted,  N.  L.,  and  F.  L.  Leistriz. 

1973.  A  selected  bibliography  on  surface  coal  mining  and  reclamation  of  particular  interest  to  the 
Great  Plains  states.  Agric.  Econ,  Misc.  Rep.  16.  North  Dakota  Agric.  Exp.  Stn. 

Dissertation  Abstracts  International,  monthly. 
University  Microfilms,  Ann  Arbor,  Michigan. 

Earth  Sciences  Research  Catalog. 

University  of  Tulsa,  Tulsa,  Oklahoma.  For  the  entire  United  States;  indexed  by  area. 

Economic  Geology. 

Geology  of  ore  deposits  (abstracts  of  Russian  Academy  of  Science  articles)  in  several  issues  each 
year. 

Frawley,  M.  L. 

1971.  Surface  mined  areas.  Control  and  reclamation  of  environmental  damage.  A  bibliography. 
USDI  Office  of  Library  Services,  Bibliography  Series  27. 
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Geoabstracts,  bimonthly. 

University  of  East  Anglia,  Norwich,  England. 

With  a  worldwide  geographical  and  subject  index  in  seven  parts: 

A.  Landforms  and  the  quaternary 

B.  Climatology  and  hydrology 

C.  Economic  geography  (including  minerals) 

D.  Social  and  historical  geography 

E.  Sedimentology 

F.  Regional  and  community  planning 

G.  Remote  sensing  and  cartography . 

Geocom  Bulletin/Programs,  monthly. 

Geosystems  (Lea  Associates),  London.  Abstracts  and  information  on  mathematical  geology,  ex- 
ploration techniques,  and  computer  methods  in  geoscience. 

Geological  Field  Trip  Guidebooks  for  North  America. 
1 968.  American  Geological  Institute,  Washington,  D.C. 

Geochemical  Abstracts,  quarterly. 

The  Pergamon  Press,  Oxford,  England.  Successor  to  Rock  Mechanics  Abstracts.  Combined  in  1974 
with  issues  of  the  International  Journal  of  Rock  Mechanics  and  Mining  Sciences. 

Geoscience  Abstracts,  1 959-1 966,  and  Geological  Abstracts,  1 953-1  958,  of  the  American  Geological 
Institute,  Washington,  D.C. 

Geoscience  Documentation. 

1 969— present.  List  of  geoscience  serials.  Geoscience  Documentation,  v.  1 ,  No.  1 ,  J  uly  1 969.  (The 
list  has  been  updated  in  each  subsequent  monthly  issue.) 

Geotitles  Weekly. 

Geosystems  (Lea  Associates),  London.  (Cumulative  in  Geotitles  Repertorium  [annual]  and  on 
Geoarchives  tapes.) 

Gifford,  G.  F.,  D.  D.  Dwyer,  and  B.  E.  Norton. 

1972.  A  bibliography  of  literature  pertinent  to  mining  reclamation  in  arid  and  semiarid  environ- 
ments. Environment  and  Man  Programs,  Utah  State  University,  Logan. 

Given,  I.  A. 

1973.  Sources  of  information.  In  Cummins,  A.  B.,  and  I.  A.  Given,  (eds.)  SME  mining  engineering 
handbook:  New  York,  Am  Inst.  Mining  Metallur.  Petroleum  Engineers,  v.  2,  sec.  35,  p.  35-1  — 
35-34.  (Lists  departments  of  mines,  geologic  surveys,  societies,  institutes,  and  their  publica- 
tions, by  country  and  by  U.S.  state.  Also  lists  major  periodicals,  directories,  and  yearbooks.) 

Hoy,  R. 

1975.  Sources  of  information.  In  Lefond,  S.  j.  (ed.)  Industrial  minerals  and  rocks.  4th  ed.  Am. 

Inst.  Mining,  Metallur,  Petroleum  Engineers,  New  York,  p.  1290-1305.  (Lists  industrial 
minerals  publications  and  publishers.) 

Journal  of  Soil  and  Water  Conservation,  bimonthly. 
Soil  Conservation  Society  of  America,  Ankeny,  Ohio. 

Kaplan,  S.  R. 

1965.  Guide  to  information  sources  in  mining,  minerals,  and  geosciences.  New  York,  Interscience 
Publishers,  599  p.  (Part  I  lists  names,  addresses,  function,  and  publications  of  national,  state, 
and  private  associations  dealing  with  mining;  U.S.  and  foreign  bureaus  of  mines  are  included; 
Part  11  describes  available  literature  in  books  and  journals  by  country  and  subject.) 
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Long,  H.  K. 

1971.  A  bibliography  of  earth  science  bibliographies  of  the  United  States.  American  Geological 
Institute,  Washington,  D.C. 

Mineral  Trade  Notes,  monthly. 

U.S.  Bureau  of  Mines,  Washington,  D.C.  (Includes  news  of  developments  in  foreign  mining  areas.) 

Schaller,  F.  W.,  and  Paul  Sutton  (eds.). 

1 978.  Reclamation  of  drastically  disturbed  lands.  American  Society  of  Agronomy,  Madison,  Wise. 

Soil  Science  Journal,  bimonthly. 

Soil  Science  Society  of  America,  Madison,  Wise. 

The  Minerals  Yearbook,  annually. 

U.S.  Bureau  of  Mines,  Washington,  D.C.  (Contains  state  and  country  summaries,  with  news  of  de- 
velopments at  major  mines  as  well  as  commodity  reviews.) 

U.S.  Department  of  Agriculture. 

1954.  Diagnosis  and  improvement  of  saline  and  alkali  soils.  USDA  Agric,  Handb.  60.  Washington, 
D.C. 

U.S.  Department  of  Agriculture. 

1975.  Soil  taxonomy.  USDA  Agric.  Handb.  436.  Soil  Survey  Staff,  Washington,  D.C. 

USDA  Soil  Conservation  Service. 

Kinds  of  data  available.  Soil  Interpretive  Data,  SCS-Form  5;  Soil  Survey  Investigations  Reports; 
County  Soil  Investigations  Reports;  County  Soil  Survey  Reports.  (Availability  of  the  above 
types  of  information  can  be  determined  through  state  SCS  offices.) 

Ward,  D.  C. 

1 965.  Bibliography  of  theses  in  geology.  Geoscience  Abstracts,  v.  7,  No.  1  2,  pt.  1 ,  p.  1 03-1 29. 
Ward,  D.  C. 

1 973.  Bibliography  of  theses  in  geology,  1 967-1  970.  Geol.  Soc,  America  Spec.  Paper  143.  Boulder, 
Colo. 

Ward,  D.  C,  and  T.  C.  O'Callaghan. 

1969.  Bibliography  of  theses  in  geology,  1965-66.  American  Geological  Institute.  Washington,  D.C. 

Ward,  D.  C.  and  M.  W.  Wheeler  (eds.). 

1 972.  Geologic  reference  sources.  In  Metuchen,  NJ ,  (ed.)  The  Scarecrow  Press,  453  p.  (Covers  gen- 
eral information  by  country  and  state.) 

Wood,  D.  N.  (ed.). 

1973.  Use  of  earth  science  literature.  Butterworth  and  Co.  London,  459  p.  (This  could  be  called 
"everything  you  might  possibly  want  to  know  about  geologic  information  sources."  Detailed  in- 
formation is  included  on  methods  of  literature  search,  with  lists  of  regional  information  by 
country  and  state.) 
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APPENDIX  II 


UNITED  STATES  —  STATE  GEOLOGICAL  SURVEYS  AND 

BUREAUS  OF  MINES  FOR 
THE  ROCKY  MOUNTAIN  REGION 

Arizona  Bureau  of  Mines 
Univ.  of  Arizona 
Tucson,  Ariz.  85721 

Colorado  Geological  Survey 
1845  Sherman  St. 
Room  254 
Denver,  Colo.  80203 

Idaho  Bureau  of  Mines  and  Geology 
Univ.  of  Idaho 
Moscow,  Idaho  83843 

Montana  Bureau  of  Mines  and  Geology 

Montana  College  of  Mineral  Science  and  Technology 

Butte,  Mont.  59701 

New  Mexico  Bureau  of  Mines  and  Mineral  Resources 
Socorro,  N.M.  87801 

North  Dakota  Geological  Survey 

Univ.  Station 

Grand  Forks,  N.D.  58202 

South  Dakota  Geological  Survey 
Science  Center 
Univ.  of  South  Dakota 
Vermillion,  S.D.  57069 

Utah  Geological  and  Mineral  Survey 
103  UGS  BIdg. 
Univ.  of  Utah 

Salt  Lake  City,  Utah  841 12 

Geological  Survey  of  Wyoming 
Box  3008,  Univ.  Station 
Univ.  of  Wyoming 
Laramie,  Wyo.  82071 
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APPENDIX  III 


CODES  FOR  ABBREVIATIONS  AND  SYMBOLS  USED 
IN  CONSTRUCTION  OF  LITHOLOGIC  LOG 

(FIGURE  5  IN  TEXT) 

BEDDING  THICKNESS 


H     -  Homogeneous  (no  lamination) 

H  -  DM  Homogeneous,  distinctly  mottled 

H  -  IM  Homogeneous,  indistinctly  mottled 

L      -  Laminated  -  <  1  cm  thick 

F      -  Thin  bedded  -  1-10  cm  thick 

M     -  Medium  bedded  -  10-30  cm  thick 

T     -  Thick  bedded  -  30-100  cm  thick 

VT   -  Very  thick  bedded ->  100  cm  thick 

L/F  -  Thin  bedded  sets  of  cross-lamination,  etc. 

INDURATION 

U     -  Unconsolidated 

I      -  Indurated 

IP     -  Indurated  but  plastic 

IS     -  Indurated  but  shaly 

IF    -  Indurated  but  friable 

Wl    -  Well  indurated 


SORTING 

WS   -  Well  sorted 

MWS  -  Moderately  well  sorted 

MS   -  Moderately  sorted 

PS    -  Poorly  sorted 

ROUNDNESS 

A     -  Angular 

S      -  Sub-rounded  to  sub-angular 

R     -  Rounded 


PERCENT  LIMESTONE  (SCALE  OF  1-10) 

<  1  Trace  of  effervescence 

1  Slight  effervescence 

3  Moderate  effervescence 

5  Strong  effervescence 

10  Very  strong  effervescence 

>  10  Limestone 
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SAMPLE  TYPE 

T.S.  -  Thin  section  sample 

S  -  Size  sample 

X  -  X-ray  analysis  sample 

G  -  Growth  study  sample 

ROCK  TYPE  AND  ACCESSORY  SYMBOLS 
(see  chart  A  p.  104) 

SEDIMENTARY  STRUCTURE  SYMBOLS 
(see  chart  B  p.  1 05) 

DESCRIPTION 

Color,  size,  sorting,  rock  type.  Sedimentary  Structure, 

Example:  red,  fine-grained,  well  sorted,  sandstone,  with  horizontal  laminations. 
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CHART  A 


ROCK  TYPE  SYMBOLS 


ACCESSORY  SYMBOLS 


0.  . 


I         I  H 


J   I 


-r-r 


conglomerate 
intraclastic  conglomerate 
sandstone  (with  granule  layers) 
clayey  sandstone 
siltstone 

sandstone  and  siltstone 

mudstone 

claystone 

coal  or  peat 

limestone  (sparry) 

micritic  limestone 

algal  limestone 

marlstone  (clayey  limestone) 

gypsum 

lost  core 


calcareous  (>3%) 

marcasite  nodules 

<^F^    pyrite  nodule 

oxydized  pyrite  nodule 

<S>    plant  fragments  and  carbonaceous  matter 

^  pelletoids 
i 

IJ_y    limonitic  nodules 
\\\\  gypsum 

organic  partings 
<3>    clay  gall  intraclasts 
Q  nodules 
\j  glauconite 
^  megafossils 
-^s^^  mica 
chert 

R     oxydized  colors  (reddish) 
CUD  bentonite 


+  feldspar 
—_—  clayey 

iron  oxide  nodules 
Mn  manganese 
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CHART  B 


SEDIMENTARY  STRUCTURE  SYMBOLS 


^^^^ 


"structureless"  sand 

interbedded  sand  and  granule  layers 
(horizontal  bedding) 

large  scale  cross-bedding  (tabular) 

low  angle  cross-bedding 

parallel  bedding 

trough  cross-bedding 

scours  (with  channel  lag) 

scour  and  fill 

downcutting  surface 

ripple-tabular  x-lamination 

ripple-trough  cross-lamination 

ripples  in  —  drift 

ripples  on  crossbeds 

wavey  bedding 

coarsely  interlayered  sand  and  mud 


alternating  sand  and  mud 
flaser  bedding 
wavey  bedding 
lenticular  bedding 
weak 

moderate  —  Bioturbation 
strong 

rooting 

microfaults 

contorted  (slumped)  beds 

growth  faults 

bimedal  current  directions 

loadcasting 

mudcracks 

forset  beds 
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APPENDIX  IV 


MANUFACTURERS  AND  DISTRIBUTORS 

Listing  of  manufacturers  and  distributors  who  have  been  referred  to  in  this  report. 


Acker  Drill  Company 
P.  O.  Box  830 
Scranton,  Penn.  18501 

Boyle  Bros. 

P.  O.  Box  25068 

1 624  Pioneer  Road 

Salt  Lake  City,  Utah  84125 

Christensen  Mining  Products  Division 
Christensen  Diamond  Products  Company 
1937  South  300  West 
Salt  Lake  City,  Utah  84115 

joy  Manufacturing  Company 
Montgomery  Industrial  Center 
Montgomeryville,  Penn.  18936 

Longyear  Company 

925  Delaware  Street,  S.E. 

Minneapolis,  Minn.  55414 

Mobile  Drilling  Company,  Inc. 
3807  Madison  Avenue 
Indianapolis,  Ind.  46227 

Odgers  Drilling,  Inc. 

Ice  Lake  Road 

Iron  River,  Mich.  49935 


Penndrill  Manufacturing  Division 
Pennsylvania  Drilling  Company 
P.O.  Box  8562 
Pittsburgh,  Penn.  15220 

Pitcher  Drilling  Company 
75  Allemany  Street 
Daly  City,  Calif.  94014 

Reed  Tool  Company 

105  Allen  Street 

P.  O.  Box  3641 

San  Angelo,  Texas  76901 

Reese  Sales  Company 
P.  O.  Box  645 
2301  Gibson  Street 
Bakersfield,  Calif.  93302 

Soiltest,  Inc. 
2205  Lee  Street 
Evanston,  III.  60202 

Sprague  and  Henwood,  Inc. 
221  West  Olive  Street 
Scranton,  Penn.  18501 

Triefus  Industries  (W.A.)  Co. 
Sidney,  Australia 


^  U.S.   GOVERNMENT  PRINTING  OFFICE:  I979-0-677-I2I/9I 
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Barrett,  James,  Paul  C.  Deutsch,  Frank  G.  Ethridge,  William 
T.  Franklin,  Robert  D.  Heil,  David  B.  McWhorter,  Alv  D. 
Youngberg 

1979.  Procedures  recommended  for  overburden  and  hy- 
drologic  studies  of  surface  mines.  USDA  For.  Serv.  Gen. 
Tech.  Rep.  INT-71 ,  106p  Intermt.  For.  and  Range  Exp. 
Stn.,  Ogden,  UT  84401. 


Presents  information  on  gathering  and  analyzing  data  regard- 
ing overburden  and  hydrologic  studies  of  surface  mines. 

KEY  WORDS:  Hydrology,  soils,  overburden,  core  drilling, 
surface  mining. 
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THE  SEAM  PROGRAM 

The  Surface  Environment  and  Mining  Program,  known  as  SEAM, 
was  established  by  the  Forest  Service  to  research,  develop,  and 
apply  new  technology  to  help  maintain  a  quality  environment 
while  helping  meet  the  Nation's  mineral  requirements.  SEAM  is  a 
partnership  of  researchers,  land  managers,  mining  industries, 
universities,  and  political  jurisdictions  at  all  levels. 

Although  the  SEAM  Program  was  assigned  to  the  Intermountain 
Station,  some  of  its  research  projects  were  administered  by  the 
Rocky  Mountain  and  Pacific  Southwest  Research  Stations. 
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